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FOREWORD

The 1973 Eleventh Modulator Symposium was the latest in a series beginning with the
Hydrogen Thyratron Symposium in 1950. The movement of technology can be deducedreadij. from exan.nation of the poceedings and records qf these conferences.

Tfi~r~ ni sessions which co -State Devices; Electron Barm Devices;
Hard.Tube Modulators, Solid-State Modulators; Super Power Modulators; Special Tech-
niques; LUn~e ulators; Protective Devices and Circuitry; Thyratrona.
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A NEW SOLID-STATE SWITCH FOR POWER PULSE
MODULATOR APPLICATIONS, THE
REVERSE SWITCHING RECTIFIER

J. S. Brewster and P. F. Pittman

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Summary The Reverse Switching Rectifier, abbreviated RSR,
is a new two-terminal, four-layer PNPN semiconductor

The Reverse Switching Rectifier (RSR) is a new switching device designed especially for short, high-
solid-state switching device with performance optimized energy pulse generator service. The basic theory of
for short, high rate-of-rise pulse currant switching. operation of two-terminal, four-layer switching devices
It is a two terminal device which switches from block- has been presented by several investigators whose early
ing to conduction upon application of a fast-rising attempts to make a modulator switching device were
pulse of voltage. Devices with peak pulse current unsuccessful.l,2 A more recent effort by Westinghouse
ratings of 1200 A and di/dt ratings of 2000 A/us are has resulted in a successful device wherein the prob-
available with blocking voltage ratings of 1000 V at lems encountered by earlier developers have been
125*C. A typical value of turn-off time is 50 us at solved.4 An earlier version of this devige was de-
25@C. Many practical pulse modulator circuits have scribed at the Tenth Modulator Symposium.4 The turn-
been built using series and parallel combinations of on mechanism employed is different from that of the
RSR's to demonstrate the use of this device in power thyristor from the standpoint that conduction is
pulse modulator service. initiated throughout the area of the device, as opposed

to the thyristor wherein conduction is initiated in a
1. Introduction localized area. As a result, the RSR has superior

turn-on performance and can tolerate a much higher
The generation of short, high energy pulses has rate-of-rise of pulse current than can the thyristor.

for many years been accomplished by discharging an
energy storage network with a vacuum or gas tube switch- 2. Turn-On and Conduction In The RSR
Ing device. Although such devices yield reasonable
performance, the life and reliability of systems using An ideal switching device turns on instantaneously
them leaves much to be desired. In addition, with the and has no conducting voltage drop. The RSR, as is the
advent of transistors and associated semiconductor case with every other switching device, Is not ideal,
devices, most of the active devices in modulator and therefore it is of interest to discuss the ways in
system have been converted from vacuum or gas tubes which RSR performance departs from the ideal switching
to solid-state devices, except for the power pulse characteristic.
switching tube for which no suitable replacuent has
been found. The structure of the RSR is shown in Figure 1, and

its VI characteristic is shown in Figure 2. Owing to
With the advent of solid-state semiconductor the nature of the PNFN structure, the device initially

switching devices in the early 1960's, the reliability blocks the flow of current in either direction. When
and life problem which plagued modulators using a forward bias is applied, negligible current flows
vacuum and gaseous tubes for many years appeared to be until the threshold voltage, VT, is reached. At this
solved. The thyristor, which is a three terminal point, current flows at the threshold voltage until a
gated switching device, appeared to have high potential current sufficiently high is reached where conditions
as a replacement for the gas tube power pulse modulator for turn-on are achieved within the device. At this
switch. When attempts were made to use thyristor% in point, the device goes into its conducting state
modulator circuits, however, the early experience was wherein a large current may flow with a very low con-
less than satisfactory because the types of thyristors ductingvoltage drop. The device remains in conduction
available failed at much lower power levels than as long as forward current exceeds the holding current,
anticipated, primarily because of the fact that the IN. When reverse bias is applied to the device,
initial rate-of-rise of pulse current was too high to negligible current flows until the avalanche breakdown
be tolerated by the device. Toward the middle of the of the reverse blocking junction Is reached. At this
1960's, a generation of so-called modulator thyristors point, current flows at the avalanche breakdown
became available with improved turn-on performance potential, and if the reverse current is made large
resulting in an enhanced rate-of-rise of current enough, the device will fail.
capability. However, even these devices did not appear
in suitably high ratings to be useful for the majority The device VI characteristic shown in Figure 2
of power pulse modulator applications. The basic applies at dc or low frequency. However, in most
problem encoutered with the thyristor is that, even modulator circuits, the RSR is Connected to block the
though a large am of the device is available for voltage of a charged pulse network until triggered on
conduction, turn-on action is initiated in a smell by a short, fast rising pulse. Device turn-on
area from which it spreads throughout the entire associated with fast pulse trig ring involves a
device. Nowever, the time constant of the spread is different mechanism then that alredy described and
sufficiently long that, in most modulator applications, yields a somewhat different VI characteristic than
only the area of the device in close proximity to the that shown In Figure 2.
gating area conducts before the pulse is over. As a
result, the percentage utilization of the total device
capability is very poor.
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The RSR structure, shown in cross-section in 3. Turn-Off Phenomena In The RSR
Figure 1, includes a number of circular P type shorts
which protrude through the upper N type emitter. The The turn-off time of an RSR is defined as the
view of the upper surface of the device, also shown in interval between the occurrence of the forward pulse
Figure 1, shows the distribution and circular geometry current zero crossing and the instant forward voltage
of the P type shorts. An isometric view of a cross- is re-applied. This definition of turn-off time is
sectioned device spanning the distance between two P Illustrated in Figure 4 which shows photographs of RSR
type shorts is shown in Figure 3. When a fast-rising current and voltage during a turn-off time measurement.
pulse of forward voltage is applied to the device, a The upper trace is that of RSR current including a
capacitive current flows as the result of charge re- short, high peak current pulse. The beginning of the
distribution in the vicinity of the blocking Junction turn-off interval is defined by the zero crossing mark-
between the N type and P type base regions. This ing the end of the conduction current pulse. The lowr
current, although generated uniformily throughout trace is RSR voltage which is quite low during the
the device, is funneled out through the upper surface conduction current interval. For some time following
by the P type shorts as shown in Figure 3. Because the current zero crossing, device voltage is zero owing
the P type base regions which reach the upper surface to the nature of the turn-off time test circuit used.
are shorted to'the N type emitter regions by the After roughly 100 us following the current zero, forward
upper aluinum metalization, they prevent injection voltage with an exponential waveform is applied to the
by the upper N type emitter, prohibiting turn-on, device. The peak rate-of-, , of voltage, or dv/dt,
However, a lateral voltage drop Is developed within occurs at the instant for; .- ltage begins to rise.
the P type base region due to current crowding when This value of dv/dt is th, I generally specified as
a fast rising pulse causes a capacitive current to a condition of a turn-off measurement.
flow. This drop tends to forward bias the center
portion of the N type eitter and results In injection Turn-off time depends -ng other things upon the
at a point equidistance from two P type shorts shape and Amplitude of th. -ent pulse used, the
designated as Point A in Figure 3. Because each set rate-of-rise of the re-ap -ltage, and device
of four P type shorts constitutes a unit area with its Junction temperature. Th ton current pulse has
own injection mechanism as previously discussed, turn- two effects relating to tL time. It causes many
on proceds at as many different points as there are carriers to be generated wirnin the RSR which give rise
unit cells on the upper surface area of the device, to its highly conductive state, and owIng to the high
as opposed to the thyristor wherein turn-on occurs rate-of-rise of pulse current, it causes the Junction
only in the region adjacent to the gating electrode, temperature of the device to be elevated above that of

the device heat sink. Following a forward current
The switching characteristic of the RSR departs pulse, the carriers generated within the device must

from the ideal because a finite time is required for recombine before forward voltage may be re-applied to
formation of the initial conducting area associated the device in its blocking state, but the process of
with each four P type shorts. However, in a practical carrier recombination is sensitive to the temperature
device, the time necessary to form the initial conduct- of the silicon where recombination takes place. In
Ing area is quite short, less than 100 ns, and in addition to the temperature rise from Junction to case
most circuits, this is negligibly mall. Because the due to pulse current dissipation, the Junction tempera-
initial area of conduction is not the entire area of ture my be further elevated owing to an increase in
the device, the conducting drop realized at the instant case temperature.
the initial conducting area is formed is higher than
the drop attained after the conducting plasm has been The effect on turn-off time of elevated Junction
allowed to propagate throughout the entire active area. temperature is shown in Figure 5 where the variation
The propagation time is of the order of microseconds, of turn-off time with temperature is shown for four
which is far smaller than that of a thyristor, and different RSR devices. The slopes of the curves for
because the initial conducting area of an RSR is a each of the devices are quite similar, and in general,
much larger percentage of the total active area than turn-off time roughly doubles as Junction temperature
is that of a thyristor, the initial conducting drop increases from 25C to lOO6C.
of the RSR is less than that obtained from a comparable
thyristor with conventional gate control. Turn-off time increases roughly linearly with peak

pulse current and increases with increasing rate-of-
An additional factor influencing the conducting rise of pulse current as well. The principal reason

drop of the RSR Is heating resulting from the pow for this variation is that the dissipation which occurs
dissipation when a large, fast-rising pulse current during a pulse causes an abrupt increase in temperature
flows. Above a certain temperature, the resistivity which dissipates following each pulse. However, the
of the semiconductor material increases with increas- time constant of the decay of this temperature transient
ing temperature. The pulse current with its associated is comparable to device turn-off time. As was mention-
transient conducting drop, causes heating within the ed earlier, because carrier recombination is a tempera-
device during a conduction pulsa, which has the effect ture sensitive process, turn-off time therefore
of increasing the conducting drop. increases with increasing pulse dissipation. As a

result of these considerations, device turn-off time is
quite intimately related to the pulse repetition
frequency, of the pulse modulator.

7
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The end of the turn-off time interval is marked connected in parallel with the RSR's assure equal
by the instant when forward voltage is again re-applied voltage division between the two. Although only two
to the RSR. The length of this interval is dependent RSR's are shown in the diagram, each one may in reality
upon the rate-of-rise of re-applied forward voltage as be a series connection of many devices. Diode D3 pre-
shown in Figure 6. For a given value of dv/dt, turn- vents shorting of the voltage of RSRI through the pulse
off time increases with increasing ambient temperature transformer prior to triggering.
and visa versa. All of the data shown in Figure 6 was
obtained using a forward current pulse of fixed When a rapidly rising pulse of voltage is applied
amplitude and duration, to the primary of transformer T1, the voltage of the

node joining the RSR's rises when the pulse voltage at
All of the turn-off time data presented in this the secondary of Tl exceeds the voltage applied to the

section was obtained using circuitry which impressed common node of the RSR's by the charged pulse network.
upon the device under test voltages and currents of The rapidly rising forward voltage thus applied to
the form shown in Figure 4, where, during the turn-off RSRI gives rise to a large internal capacitive current
interval between forward current zero and the initia- initiating turn-on as discussed In Section 2. The
tion of forward dv/dt, no bias of either forward or rapid fall of voltage which then occurs as RSR1 turns
reverse polarity was impressed. In some circuits, on, appears as a rapidly rising voltage across RSR2,
pulse current reverses following the forward current causing it to turn on in the same manner. At this
zero and tends to sweep out the previously conducting point, both RSR's are in conduction and the pulse net-
device. For some brief interval following the forward work is discharged into transformer T2 and ultimately
current zero, reverse current can flow while negligi- into the load.
ble voltage appears across the device. However, when
all of the excess stored charged is removed from the The voltage and current of RSR1 are shown in
device by the flow of reverse current, the reverse Figure 8. The voltage appearing at t * 0 Is the
blocking junction recovers and attempts to stop the portion of the pulse forming network charge voltage
flow of reverse current. The reverse voltage which appearing across RSRl, which is well below the thres-
appears across the device at the instant the reverse hold voltage of the device. At t - 0, the pulse volt-
blocking Junction recovers can be quite high owing to age is applied and can be seen to increase the RSR
the type of circuit used and the amount of distributed voltage beyond the contribution from the charged pulse
inductance in the discharge loop. Caution must be forming network. At some point slightly after t - 0,
exercised In the application of the RSR when reverse the deutce breaks over, and its voltage falls very
voltage transients of this type can be generated, rapidly. The rapid fall In voltage is terminated at
otherwise the device may be destroyed by an overvolt- a level in excess of one hundred volts at the time
age. Typical failure levels are 200 volts VR and 50 that pulse current begins to flow as shown also in
amperes IR. Figure 8. The conduction voltage of the RSR then

decreases with time at a muih slower rate correspond-
In general, the RSR is used in modulator circuits ing to spreading phenomena within the device. Current

which employ dc resonant charging to charge a pulse continues to flow until the pulse forming network has
forming network to a desired voltage. When command been discharged. If the reflected load impedance is
charge is used, it is desirable to delay the onset of less then that of the pulse forming network, a negative
a charge cycle following a pulse of conduction current voltage will remain on tho pulse forming network when
until an interval at least equal to the device turn- conduction current rjoes. fm zero. The negative voltage
off time has elapsed. In circuits where command of the network will give rise to a reverse pulse
charge is not available, a mismatch in the pulse net- current which flows back up through the two RSR's in
work discharge circuitry can be arranged so that a the reverse direction and through diode 04 as a sweep-
sllghtlynegative voltage appears on the pulse network out current. When the 11R's sweepout and begin to
following the end of a conduction pulse. The action block voltage, the flow of sweepout current is conduct-
of the resonant charge circuit with the residual ed by parallel diodes Dl and D2 which prevent the build-
negative voltage of the pulse network can be used to up of reverse voltage across the RSR's. Diode 04 is
keep the RSR voltage negative for an interval equal selected to have a sufficiently long recovery time that
to device turn-off time following the end of a ft recovers and blocks voltage only after RSR's I and
conduction pulse. 2 have recovered. When diode 04 recovers it permits

the pulse forming network to remain with a slight
4. Switching Performance In A Typical Pulse Modulator negative voltage from which to begin the next dc

resonant charging cycle. The effect of the initial
A simple pulse modulator circuit illustrating the negative voltage on the pulse forming network at the

use of series connected RSR's to generate a short beginning of a charge cycle is to provide an interval
pulse by discharging a pulse forming network is shown equal to RSR turn-off time without forward bias so
in Figure 7. The pulse network is charged to A high that the devices may recover and block the flow of
dc voltage by the dc power supply and dc resonant forward current.
charging comonents L1 and 06. When the pulse network
becomes charged, it remains at its dc charge voltage The circuit shown in Figure 7 and described in
until a pulse is applied to the primary of transformer this section is only one of many possible modes of
TI. The rate-of-rise of the pulse voltage at the operation of the RSR in a modulator. Devices may be
secondary of transformer Ti must exceed 5000 V/usec. operated in series or in parallel and triggered in ways

different from the one shown. The circuit described is
Prior to the introduction of a trigger pulse at included primarily as an illustrative example of the

Ti, the charge voltage of the pulse network is basic function of the RSR as a fast switching for
impressed upon the two RSR's In series. The resistors modulator service.
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5. Sumary Of The T40R Ratings 6. Conclusions

Shown in Table 1 is a brief summary of some of the The RSR is a semiconductor switching device
ratings and characteristics of the device which are especially made for modulator pulse switching applica-
especially significant for modulator service. Repeti- tions. It offers solutions to the problems which have
tive peak forward blocking voltage, Vnp, q is the plagued modulators for many years, namely finite life
maximum rated voltage the RSR can hol off without owing to the absence of a filamnt, and high reliabil-
going into conduction. Devices are available with VoRM ity because no glass or cermic envr-lope Is required.
ratings of 600, 800 and 1000 V. Pulse trigger voltage, Its performance is excellent because very low time

VT, is the off-state threshold voltage where turn-on jitter is found in modulator circuits using RSR's as
begins when a 5000 V/us trigger pulse is applied. The opposed to those using thyratron tubes where jitter is
maximum value of VT for all variations of the T40R is a consideration. The improved life and reliability
1500 V. The maximum rate-of-rise of current, di/dt, of this device, which gives rise to improved systm
is the maximum rated pulse current di/dt which the reliability, is an advantage which will be useful for
device will withstand subject to the other test the design of future systems.
parameters specified for the rating. Devices are
available with ratings including combinations of di/dt 7. References
and peak current ranging from 2000 to 4000 A/us and
800 and 1200 A. The maximum dynamic forward voltage 1. Walter Schroen, krt Hubner, Jacques Beaudouin and
drop, VTh (DYNI, is the conducting drop measured with R. M. Scarlett, "A New High Power Four-Layer Diode
a current of 1000 A at an interval 4 us after the As A Pulse Modulator Switchw, p 1, Wscon 1964.
current pulse begins. Values of VTm(OYN) are indica-
tive of spreading phenomena within the device and are 2. A. Loro, "A Four Layer Protective Device Fo-
dependent on pulse current waveshape and amplitude. Comanication System Application", p. 142,
Trigger response time, ton, is the voltage fall time International Electron Devices Meeting,
during turn-on when only trigger current is permitted December 4, 1972.
to flow. By making the measurement without load
current, the effects of spreading are eliminated from 3. Technical Report AF?L-TR-72-19, February, 1972,
the measurement. Values for ton of less than 100 ns Air Force Materials Laboratory, Air Force Systs
are common. The definition of turn-off time, t , as Command, Wright-Patterson Air Force Base. Ohio.
discussed earlier. For a re-applied dv/dt of 20 V/us,
values of tq of 50 us are typical at a junction 4. R. A. Hill and W. R. Olsen, "Lightweight High
temperature of 250C. Power Modulator Uses RSR Switch Devices",

Tenth Modulator Symposium, May, 1968, Nw York,
The listing of parameters in Table 1 is very New York.

brief and includes principally typical values.
Furthermore, the ambient temperature at which each of
these parameters is specified must be known. The
characterization of the RSR and Its rating for
modulator service is rather complex because of the
many interrelating parameters which affect device
operation. The data included here simply provides a
basis for a judgement as to the possible use of the
RSR in modulator circuits of specific power levels or
frequencies.

The RSR is available in a type D0-5 stud-mounted
encapsulation employing compression bonding which
eliminates one of the failure mechanisms encountered
by earlier developers by permitting the silicon-
molybdenum fusion to expand and contract freely as
temperature changes.

Table 1. Typical Characteristics of the T40R RSR

S Typical Value

Repetitive peak forward V 0R 1000 V
blocking voltage
Pulse trigger voltage VT 1200 V
Rate-of-rise of current 0 di/dt 2000 A/us
1200 A peak
Dynamic forward voltage VlT(DYN) 20 V
drop @ 4 us
Trigger response time ton 100 ns
Turn-off time@ 20 V/us tq SO us
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THYRISTORS FOR PULSE MODULATION AT HIGH PEAK AND AVERAGE POWRS

by

D E Crees

Hirst Research Laboratories. Wembley, England

and

N S Nicholls and F Wood

Royal Radar Establishment. Malvern, England

Suary connection of very low resistance. The best way to
achieve this is by means of a pressure contact over the

The design problems of a large pulse modulator thyristor whole device area, so that current flow is everywhere
for 2 KV I KA operation at 30 microsecond pulse length normal to the silicon slice. The combination of this
are discussed, and experimental devices are described, feature with an interdigitated structure presents a
The performance obtained is compared with that of problem of preventing short-circuiting of the gate-
possible alternative devices, both solid-state and cathode junction.
gas-discharge.

The overall pressure contact may be realized using the
Introduction "hockey-puk" type encapsulation, which gives low stray

inductance and permits double-sided cooling.
The limited success of semi-conductor modulator
devices in the medium and high power radar market seems In order to ensure that the whole of a long gated cathode
to be the result of the high equipment cost which edge is turned on, a very large gate drive is required.
results from the complexities of series and parallel In adequate gate drive could result in local overheating
connection of numerous devices. This is made necessary and even destruction of the device. By using an
at the present time by the limited power capability of amplifying gate, the gate drive requirement is greatly
the devices which are available, reduced, which leads to economy in the drive circuits

and allows a larger margin of safety to be provided.
The work to be described is an exploration of the It would be expected that the use of an amplifying gate
feasibility of making a much more powerful modulator would restrict the range of circuit-limited rate of rise
thyristor than has hitherto been achieved, of current for which safe triggering would be obtained.

Too high a value might lead to excessive dissipation in
At the outset it was apparent that the current- the emplifying sate region, and too low a value to only
carrying capacity of a pulse-modulator thyristor could partial turn-on of the cathode edge. In fact, no
be increased by increasing the effective area and difficulty has been experienced on this account in the
improving the cooling Ways could be evisaged for doing present application with the experimental devices which
this without introducing technology far outside the have been made.
present state of the art, though there are a number of
difficulties to be overcome. However, an increased Improvement of the Speed of Turn-on of
current capability must be matched by a corresponding High-Volase Thyristors
increase in operating voltage if an economical
impedance level is to be maintained for the other In the conventional reverse-blocking thyristor, the
components in the circuit. Because, in the conven- thickness of the N-base has to be increased dispropor-
tional thyristor, there is a rapid deterioration in tionately as the forward blocking voltage requirement
switching speed as the blocking voltage capability is is raised. As a consequence, the switching speed is
increased, more radical innovationseemed likely to be greatly reduced, which increases power-loss in circuits
needed to deal with this aspect, giving a relatively high rate-of-rise of current.

An analysis is first given of the design problems The blocking voltage attainable with a given thickness
involved in the attaiin t of the required of N-base may be substantially increased by the
characteristics. This is followed by a description of introduction of a heavily doped N layer between the
the experimental devices which have been fabricated and anode P layer and the N-base. This prevents the
the results obtained. Finally, an assessment is depletion region in the forward blocking state from
attempted of the relative performance for a particular punching through to the anode P layer and allows a
duty of alternative modulator switching devices, both higher resistivity material to be used in the body of
semi-conductor and gas-discharge. the N-base, in the seme manner as in the PIN diode. By

this means, a considerable improvement in switching
The Design of Modulator Thyristors for speed should be obtainable, as well as reduced voltage

High Peak Currents drop in steady state conduction.

The basic difficulty in the design of large area The high field strength which can be sustained with the
devices for pulse generation is the relatively low PIN type structure gives rise to a potential problem at
rate of spreading of the conducting state across the the edge of the device. Various approeches have Seen
cathode from its origin at the gated edge. This makes explored for dealing with this.
it necessary to employ an interdigitated gate and
cathode structure so that a long gate-cathode edge may Another consequence of the PIN type structure is that
be accommodated without excessive device area. the reverse avalanche voltage is reduced to a few tons

of volts. This is considered to be not incompatible
The high peak anode current dictates a cathode with the proposed use in a network-type pulse modulator.
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Description of Experimental Devices table. All devices had the final "horizontal" structure
with the amplifying gate. They differed in the vertical

A large area interdigitated thyristor employing a direction, representing successive steps in the progres-
centre amplifying gate has been designed to achieve a sion to the PIN type which was the objective.
rating of 2 kV forward blocking voltage with a 1000 A,
30 us trapezoidal pulse current capability at a prf All the devices were assessed at approximately 2 KV,
of "300 pps. I IA, 30 ,usec pulse length, the results having been

corrected/to this condition to facilitate comparison.
Cathode area and edge length were optimised for this
rating within a cathode diameter of 30 m and the The rate of rise of current was mainly circuit-limited
device is based on a 38 ma diameter wafer. The cathode but was different in each case, being a value which
area is 460 =2 and the gated cathode edge length is roughly gives equal contributions from the loss during
320 am with no point on the cathode mo;g than 2 m from turn-on and during the body of the pulse. The results
the gated edge. Emitter shorts for a rating of are shown in Table I.

I kV/ us are positioned centrally in the cathode area
as sW; in Pig 1. The advantage of the PIN-type from the point of view of

power loss is apparent. It has the drawback of requiring
The two level gate and cathode contacts shown in Fig 2 protection from inverse voltage. There may be merit in
are formed by sintered electroless nickel which is integrating a diode for this purpose with the thyristor;
slectrolitically gold plated to a thickness of approx- as has been been described by Oka and Gamo

1
.

imately 4 us to reduce the latcrat resistance of the
sate arms Q to produce a surface suitable for a Copearison of the PIN-type ThrisCor with
large area pressure contact to the cathode, alternative Sitching Devices

As an interim stage, prior to the fabrication of the Comparison of the PIN thyristor with competing switching
N-P-NN+P structure shown in Fig 3, devices were devices must take account of a wide variety of features.
produced by applying the interdigitated gate-cathode
geometry to conventional N-P-N-P thick, high voltage The easiest aspect to quantify is power-loss, and this
vertical structure. These devices were conventicnally is attempted in the table 2.
gallium and phosphorus diffused to give N-base and
P-base widths of 450-550 um and 25-30 um respectively, Thim shows that the PIN-type thyristor is the only device
with an -base resistivity/of 150 ohm-sm. The resulting oftering a significant reduction in the cooling load.
devices clearly demonstrated the advalages of the long The higher envelope temperature permissible for a

Sated cathode edge Seometry for high 3r, short pulse thyratron adds little convenience because other
length operation. components must generally be kept much cooler.

Subsequently, 2 kV N-P-NN+P structures have been The turn-off times have not been discussed because the
fabricated with a 120 omian -base region 220-250 s value called for by the application (about 30 ,usec) is
thick and a 10 um epitaxial N+ layer. A further," not considered very difficult to meet with any/of the
P-type, spitaxiil layer 40 um thick formed the anode devices.
P-emitter region.

Perhaps more serious considerations are reliability and
Initially the PIN-type devices were bevelled with a the cost of auxiliary circuits required, such as for
500 positive bevel of the forward blocking p-n junction triggering. Here, the thyriscors seem to offer the
as shown in Pig 4, but blocking voltages were limited most favourable solution. The thyratron has the
to 1.3-1.5 kV manmum. Later devices were negatively advantage of not being vulnerable to trigger-circuit
bevelled at 2.5-30 as shown in Fig 5, and blocking faults.
voltages of up to 2 kV were achieved after silicone
rubber passivation of the bevelled surface. Conclusions

Performance of the Experimental Devices It is concluded that the well established thyratron will
not be displaced from this particular field of applic-

The proper functioning of the amplifying gate system tion until the high-voltage PIN-type thyristor with
was chocked by mapping thermal radiation from a device amplifying gate has bee fully developed and proven
during pulse operation. Fig 6 shows the radiation reliable.
pattern corresponding to a narrow (1oC) range of
temperature a few degrees above ambient. it was Reference I Electrical characteristics of High-Voltage,
observed on am NPNP structure of 550 uN base thickness High-Power, Fast-Switching, Reverse-
operating at 1.3 Kv I IA I KA/ us 30 /usec 10 pps, and Conducting Thyristor and its Applications
it reveals that conduction is eason~aly well distri- for Chopper Use.
buted over the whole of the cathode edge.

Hisao Oka and Hiroshi Gamo, IZE Transac-
The anode current and voltage drop of the thyristors tions on Industry Applications, Vol IA-9,
were measured using the arrangement shown in Fig 7. No 2, March/April 1973.
After recording the current waveform, the voltage drop
was recorded in a succession of exposures taken with
the oscilloscope shift voltage increased in steps. The
type of result is illustrated in Fig 8. The error in
voltage measurement is believed to be a fraction of a
volt. Time calibration was carried out separately
using calibrated delay cables. The device loss was
calculated by numerical integration.

The results obtained on devices manufactured at three
stages of the project are sumarised in the following
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TABLE 1

Experimental 2KV I KA 30 usec Thyristors

Type of Device Rovers* Blocking Reverse Blocking PIN-type

N-base thickness /UK 550 450 240

di/dt, KA//usec 0.4 2.2 3.5

Total energey loss per 0.91 0.48 0.24
pulse, i

Reverse blocking 2000 2000 25

capability, V

TABLE 2

Approximate comparison of power losses for alternative switchinA devices operating
at I MW peak, 30 /usec pulses at 330 PPS

Deuterium Reverse-Blocking RSI T4DRO822 PIN-typeTyp of Device Thyratron Thyristor (3 off) Thyristor

Operating voltage IKV 20 2 2.2 2

Operating current IA 0.1 1 0.9 1

Anode current loss W 80 160 160 80

Beaters, etc loss W 80 - -

Total power loss W 160 160 160 80
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CHARACTERISTICS AND CAPABILITIES OF THE MODUIATOR EBB

R. 1. Knight

D. J. Bates

of
Watkins-Johnson Company

3333 Hillview Avenue
Palo Alto, California

Summar
The output risettme for EBB devices used In modulatorEBB (Electron Bombarded Semiconductor) devices haplctosisdtrievyeh ieieoftel~tsg

been designed, tested and are now available for use in a appliation is determined by the riseime of the n e g-

wide range of power modulation applications. Current nl and by the RC time constant of the diode and external

multiplication due to electron beam illumination of a semi- the 10 t Asserc nt r te ofpt EBB o sinagl 

conductor diode results in risetimes and delay times of a

few nanoseconds, on-off ratios of 105 or more and the abil- given by:

ty to provide multiple or coded output pulses. EBS devices (10% - 90%) = 2.2 RL (CDODE CEXT) (1)
have bee teated which can provide up to 400 V output pulses r
with less than a 3 us risetime and an EBB device designed where R ts the external load resistance, C in the
for high current operation has been used to produce pulses L lODE
of 250 A with a 1 as risetme. EBB devices available at the capacitance of the semiconductor diode andCEXT is the
present time can be used for CRT modulation, for the capacitance of any external load.

modulation of injection lasers and as TWT grid modulators. Voltage Modulation: WJ-3653

Theory of Operation The WJ-3653, shown in Fig. 3. Is a grid controlled,

EBS devices have been developed for use in a wide range convection cooled EBB which can produce output currents of
of power modulation applications. As shown in Fig. 1, an 3.5 to 4.0 A Into a 100 ohm load. A summary of the per-
EBB device consists of an electron gun; an input structure, formance characteristics of the WJ-3653 is given in Table I.
such as a grid or beam deflection structure; one or more
reverse biased semiconductor diodes and external bias and TableI
load circuitry. The electron beam is accelerated to 10 - Characteristics of the WJ-3653
20 keV In the electron gm region. When this high energy
electron beam strikes the semiconductor diode, the beam Performance Characteristis
current is amplifed by 1500 to 4000 times due to carrier Peak Output Voltage 350 - 400 V
multiplication within the diode. This amplified current Peak Output Current 3.5 - 4.0 A
then flows in the external load circuit. Pulse Risetime (10%-90%) with

100 ohm load 3 ns
The ampflcation mechanism In the diode results from Pulse Risetime (10%-90%) with

the creation of multiple electron-hole pairs by each Inci- 100 ohm load shunted by 30 pF 10 ns
dent high energy electron, a shown in Fig. 2. After Duty Cycle (100 ohm load) 4%
losing approximately 4000 eV of energy In passing through Delay (10%-10%, 100 ohm load) 2 ns
the top metallisation of the diode, these Incident electrons
interact with the semiconductor lattice to produc - one Electrical Requirements
electron-hole carrier pair for each 3. 6 eV of residual Cathode Voltage -10 to -14 kV
beam energy. For a 10 keV incident electron beam this Cathode Current 20 mA peak
process produces a current multiplication of approximate- Grid Bias (Ref. to cathode) -6.5 V
ly 1600. The production of carrier pairs occurs within the Grid Pulse (Ref. to Grid Bias) +15 V
first fsw micons of the semiconductor diodp and the car- Grid Current 5 mA peak
rioe are then separated by the high electric field in the Target Bias 460 V
reverse biased diode. For a diode consisting of a thin Target Current 3.5 - 4.0 peak
p-type top layer as shown in Fig. 2 the holes Immediately Heater Voltage 3.5 V
return to the top contact. The electrons drift under the Heater Current 0.9 A
influence of the electric field to the back contact of the
diode, and in this process current flows in the external As a modulator, the unique features of the WJ-3653 are
circuit caueing a voltage to be developed across the load the fast output risetime, short signal delay time, 350 -
resistance. As long as the electric field within the diode 400 V otput capability and the ability to provide variable
Is kept above 15 kV/om the electrons all move with essen- pulse width and closely spaced pulses. A high depree of
tidly the same velocity and the device behaves as a linear flexibity In multiple pulse applications is available be-
ampifler, When a diode is properly designed, the voltage cause die WJ-3653 operates as a pulse amlifier and the
drop acros the diode in the illuminated state may be only pulse dration and ampliude may be conroled on a pulse
10 to 15 percent of the bias voltage. An EBB of this type by pulhe basis.
may operate at target efficiencies of 85 - 90 percent.

,. typical application for the WJ-3653 is shown In Fig. 4.
In this circuit the EBB is being used to grid modulate a high
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power traveLing-wave tube. As a TWT modulator, parti- signed for operation into a 100 ohm load with a peak output
cularly for ECM applications, the WJ-3653 can be used to power of approximately 1. 6 kW. Also, two of thes devices
obtain fast TWT turn-on with a sinal delay, from the can be operated In a complemntary pull-up/pull-down cir-
10 percent point of the input applied to the EBS to the 90 cult to provide high efficiency modulation of capacitive or
percent point of the TWT grid turn-on pulse, of less than high impedance loads.
15 ns. Fig. 4 shows the detected RF output Pulse .'-
mined from a TWT when a modulation Pulse was applied The WJ-3652 EBS, shown In Fig. 6, has bew designed
to the EBB. During this test the delay through the EBS, for operation into low impedance loads. This device con-
including risetme, was approximately 14 ns. Mina a large semiconductor target which can deliver peak

currents in excess of 100 A into a 1 ohm load and currents
The circuit shown In Fig. 4 provides capacitive coup- up to 250 A into a .1 ohm load. These output pulses can be

ling between the EBS and TWT and permits operating the produced with risettmes of 3 ns and I na, re"pectively.
TWT and EBB from a commoa high voltage power supply. The performance characteristics of the WJ-3682 are sum-
For short pulse operation the capacitive coupling network marized in Table IL
could be replaced by transformer coupling. For long Table U
pulse operation the capacitive coupling circuit has the tat oe 
disadvantage of storing a large amount of energy between
the EDO and the TWT. If It Is desired to reduce the store Performance Characteristics
energy, the EBB may be directly coupled to the TWT by peak output Current (1 ohm load) 100 A
the addition of a separate hig voltage supply for the EBS. peak output voltge (1 ohm load) 100 V
An additional advantage of direct coupling between the Pulse Rust/me (10%-90%) with
EBS and TWT is a reduction in the circuitry coPscting I ohm load 3 n
the EBB load and the TWT. Simplification of the coupling DY cycle 0.1%
circuitry will typically result in Improved modulator per-
formance due to the elimination of stray capacitance and Electrical Requirements
inductance associated with the high voltage coupling cap- Cathode Voltage 10 - 12 kV
ctor,, and will result in Improved risetime, reduced Cathode Current 100 mA peak
signal delay time and reduced pulse ringing. Grid bias (Ref. to cathode) -6.5 V

The performance of the WJ-3653 as a TWT grid mod- Grid Pulse (Ref. toVridbias 15V

lator has been briefly summarized. Other applications Target Blas I30 V

f this Target Current 100 A peak
in which the WJ-3 , or higher voltage versions of thHeater Voltage 10 VEBS, may be useful are In pulsing Pockel effect electro- Heater Current 1 A
optic modulators, modulating series strings of impatt
diodes or for modulating a linear accelerator beam chop- The WJ-3652 was developed as a modulator for semi-
per. conductor injoction lasers. These lasers typically require

peak currents of 20 - 100 A and, for reliable operation,I so m f maa oad thwillbe necessary to pulse widths must often be limited to less than 100 as tomoduslate a primarily capacitive load. The use of two prevent demage to the laser. In many applications thee
WJ-36539 in the Iull-up/pull-down configuration shown lasers can be saisfactorily modulated with SCR's. SCE
in Fig. 5 results In a higher duty cycle capability, higher modulators, however, have typical risestimes of SO Ws at
repetition rates and improved modulator eff~lcenv. In the 100 A level and these modulators have limited ability to
this circuit switching is acomplished by Iluminating the provide fast rsetne, closely Space pulses.
diode oninected to the desired output bias level. When
illuminated, the diode will permit a large current to flow The fast rsetime, hih urret capbilty of he
from the bias supply Into the capacitive load until the load WJ-3 2 EBB provides the capeblity lor modlagf
charges to the od.* bla level. After the load has injection lasers in a considerably more versatile manner.reached the chuqed state, the only current passing in tests performed at the Army Electronics Command.
throu h the diode will be small leaage currents, typical- Fort Monmouth, the WJ-3614 was used to modulate an in-
ly l0- times the size of the peak diode currents. The jection laser with a resulting optical output rseme of
switching time for a pull-up/pull-down circuit of this type less than 2 us. The fast risetime pulse produced by the
s given approximately by- WJ-862 also results in more efofent modulator perform-

t (10%-90%) - -a (C + 2C 1 (2) ac. since a specifed amoumt of optical output power can

r EXT DIODE o be produced with reduced power dissipation in thelaser
diode.

When operated as a pull-up/pull-down modulator either
output voltage may be maintained an a continuous basis A typical circuit for modulating an jection laser Is
with very little modulator dissipation. The modulator s Inlig 7 tn this circuit the output urnt from
dissipation limit will be determined by the size of the the EBB dide is directly coupled Into the Inection laer.
capacitive load and by the puls repetition frequency. The diode in parallel with the tnjection laser povdes

Current Modulaga WJ-3652 clipping or any risging which might damae the laser
diode, n this circuit the WJ-3652 acts as a pals amp/-

8 devios cn be deted for modulation applies- tier and an be used to provide a sqmes of closely (
over wide rane of lmpedanfe daid power levels soad pulses whoh can be controlled on a pulse-47-pulse

basis to provide time or ampliUde coding of the injectio
The WJ-3B3U, described in the previous section, is de- laser output.
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Figure 8 shows an 80 A output pulse from a WJ-3652 Figure 11 shows an output pulse from a WJ-3650. This
into a. 5 ohm load. Design improvements presently under pulse was obtained by operating the tube at maximum posi-
way will result in Increased output capability for the tive output voltage and deflecting the beam, with an input
WJ-3652 and will result in an output capability of up to signal, onto the negatively biased diode. The resulting
350 A into an 0.5 ohm load with a risetime of less than output pulse has an amplitude of 200 V and a risetime of
2 as. 1.5 no. It i anticipated that the WJ-3650, as well as

higher voltage and faster risetime derivatives of this de-
High Bit Rate Modulation: WJ-3650 vice, will be used as high bit rate pulsers for electro-

optic modulators and as high speed CRT modulators. TheDeflected beam EBS devices of the type shown in Fig. 9 WJ-3650 has also been utilized in designs for a beam

can be used to provide high bit rate modulation. The WJ-3650 has use tliea r abeam

deflected beam EBS consists of two reverse biased semi- chopper for use with a linear accelerator.

conductor diodes connected to a common load. When a
positive Input signal is applied to the beam deflection

structure the beam position Is shifted to illuminate the While no comprehensive statistical evaluation of the life
diode connected to the positive bias supply. The amplified and reliability of EBS devices has been made, several life
current which results is proportional to the amount of tests are being conducted at the present time. A life test
beam deflection and this current flows through the exter- under the sponsorship of the Office of Naval Research is
nal load producing a positive output signal. A negative being conducted on two WJ-3650's operating under CW con-
inu signal produces an amplified negative output signal ditions. Both of the devices have been operating for over
in the same maier. 5000 hours at the present time. A high peak power life

test is being conducted under the sponsorship of the Naval
The WJ-3650 deflected beam EBS, shown in Fig. 10, Electronics Systems Command. During this life test four

can be operated at output levels up to * 125 V with pulse WJ-3653's are being operated at 1. 2 to 1.6 kW peak output
rise and fall times of 1.5 no. This EBS can be operated and 4 percent duty. At the present time these devices have
at up to 5 percent duty with conduction cooling and CW been operating for periods ranging from 300 to 1200 hours.
operation is possible if water cooling is utilized. The These life test results, combined with the current densi-
operating characteristics of the WJ-3650 are summarized ties and low cathode loading required in EBS devices have
in Table I. resulted In a projected life of well over 10,000 hours for

conservatively designed EBS devices.
I Table Ill

Characteristics of the WJ-3650 The three EBS devices described are the first commer-
Performance Characteristics cially available EBS devices suitable for power modulation

applications. These devices can presently provide output
Output Voltage ± 125 V voltages of up to 400 V at 4 A, output currents of greater
Output Current ±2.5 A than 100 A at 100 V, and pulses of ± 100 V vith a I ns
Output Risetime 1.5 us switching time.
Load Impedance 50 ohms
Duty Factor 5%conduction cooled. During the next year it is anticipated that the output

CW water cooled capabilities of these devices will be increased. Develop-

Electrical ReQuirements ment work presently underway will increase the output
voltage available from EBS devices to 1000 V at 10 A and

Heater Voltage ac 5.0 V modifications to the WJ-3662 will increase the available
Heater Current 0.8 A output current to greater than 300 A at 150 V. It is anti-
Cathode Voltage -15 kV cipated that high bit rate modulators will become available
Cathode Current 3 mA within the next one to two years capable of up to one gigabit
Grid Bias Voltagel -150 V data rates.
Grid Pulse Voltage (peak)2  135 V
Grid Current <5 g&A Conclusions
Anode 1 Voltage1  1000 V The performance characteristics and capabilities of
Anode I Current <5 MA three EBS devices have been presented. These devices
Anode 2 Voltage1  1500 volts have unique capabilities for modulating voltages and cur-
Anode 2 Current <5 MAArget 1 Volretage <5 V rents with short signal delays and fast risetimes and theyTarget 1 Voltage -200 V can also be used to generate output pulse trains. Those
Target 2 VolCage e 200 V pulse trains can be coded on a pulse-by-pulse basis in
Targets 1 and 2 Current (peak) 2.5 A either time or pulse amplitude. These EBS devices are

1R n suitable for use as TWT grid pulsers, pulsers for electro-Rleference to cathode, optical modulators and for pulsing injection lasers. As
2Reference to grid bias. additional application areas are identified the voltage,

current and risetime capabilities of these EBS devices will
The input pulse required for full output is only *7 V. be extended to provide modulation capabilities over even

In the deflected beam EBB this input pulse is applied to an wider ranges of voltage, current, power and impedance
input structure at the same potential as the output load. level.
This arrangement is sometimes more convenient than
having the tript and output voltage levels separated as
required in the grid controlled devices.
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Fig. 7 - Circuit utilizing the WJ-3652 EBS as a
modulator for a GaAs Injection laser.
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Fig. 58- Switch representation of a pull-up/pull-
down circuit. Swtche Aand Bare used
to charge the load capacitance. 20n S

Fig. 5b- Schematic showing EDS pull-up/pull-down Fig. 8 - Output pulse from a WJ-3652 Current
circuit equivalent to Fig. 5a. Modulator EBS. Vertical scale: 20A/dtv.

Time base: 2Ons/dlv.
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FIg. 10- WJ-3650, Video Amplifier

F1. 11- The top trace Is the input signal to WJ-3650.
Th. vertical scale ts lOy/div. The lower
trace Ls the WJ-3650 output pubse. 7Ue
vertical scale to -40V/dtv. and the tme
base Is Im/div.
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GENERATION OF HIGH CURRENT, LONG DURATION
RECTANGULAR PULSES

P.E. Faugeras, H. Kuhn, J.P. Zanasco

CERN Laboratory I, Privessin (FRANCE), F-016131 CERN Codex

Summary. The excitation of the fast pulsed kicker switches capable of passing these required amounts of

magnets foreseen for the CER 400 GeV proton synchro- charge with a reasonable lifetime.
tron requires rectangular pulses with a current ampli-

tude of 3000 A to 10 000 A, a pulse duration adjustable The experimental set-up

between 1 and 24 usoc, and short rise and fall times.

These pulses are generated by a LC ladder network ais-

charged with'fast switches. Several kinds of chosen for the pulse generator prototype. This is the

switches have been tested : altigap thyratrons of impedance of the inflector system, which is the first
one needed for the SPS. The results described in this

standard design, a composite switch called "thyrag-nitrn" nd adeof anoral hyrtrouby-assd b ir paper can be used directly for the fast extraction sys-

nitron" and made of a normal thyratron by-passed by ig- tea and, to a lesser extent, for the beam dumping eye-

nitrous, and finally special thyratrons with a second tem. This latter system requires a higher current and

cathode assembly in place of the usual anode. Experi- a particular pulse shape, i.e. oscillations super-

mental pulse shapes and results of life tests for imposed on the flat top of the pulse, while the fall

these different switches are presented and discussed. time is unimportant 2.

Introduction The pulse generator

Several fast pulsed kicker magnet systems will be The principle of the pulse generator is shown in

used for the injection, the fast extraction and the fig. 1. A DC power supply charges the pulse forming

dumping of the proton beams of the 400 GeV proton syn- network (PFN) to a maximum voltage of 60 kM. Then the

chrotron (SPS) which is being built by CERN . In PFN is discharged by power switches through a tran-

order to have a magnetic field with a sufficiently mission line inco a matched terminating resistor. The

short rise and fall time each kicker system must be transmission line is 120 m long and made of two 150 co-

split into several identical magnet modules, each of axial cables in parallel. Such a transmission line will

them being powered by its own pulse generator. The be necessary for the final systems, as each pulse gene-

characteristics and performances of the three systems rator will be located at a distance of about 150 m from

will not be discussed in this paper, but Table I suw- its magnet. The magnet, which is normally placed be-

marises the requirements on the current pulses which tween the transmission line and the resistive load, has

are needed to excite each module of these different not been used for the tests reported here.

kicker magnet systems. The pulse forming network could not be made of
cables, as it was done for other kicker system 3. Such

Table I a PFN would need four 30 1) cables in parallel, of a

Characteristics of the different current pulses length of 2.4 km each. Even with an outer diamster of
50 mm, these cables would have an attenuation of the
order of 0.5 dB/0 m, which means that the pulse would

System Injection Fast Beam exhibit about 102 droop on its flat top, which is not

Extraction Dumping acceptable. In addition this kind of PFN would be very

expensive. Therefore a PYF with lumped elemmts has
Number of modules 2 4 2 been chosen.

Impedance 7,5 Q 10.0 Q 3.0 l

Maximum pulse 4 000 A 3 000 A 10 000 A
current

Pulse duration 23.2 us 1.0-24.0 us 24.0 us Vs.p*y

Rise time < 0.2us < 0.2 us < 0.3 us L L. LAL,,

Fall time < 0.3us I 0.3 us - I . t I A

All the system impedances were chosen such that %__A

the maximum charging voltage of the pulse generator is

limited to 60 kV, which means a pulse amplitude of 30kV I
max. From previous experience it is expected that KOM t W t.Ork Wt 6 44k

these voltage values will avoid high voltage problems

for the kicker magnets as well as for the pulse gene-

rators. The planned pulse repetition rate is of the L,.A.,-L&. UpN t..p L,.....L, .U,.

order of I pulse per 4 seconds, except for the fast ,.c,....c.a, ,
extraction which requires 3 pulses, 100 us apart,with-
in a period of 4 seconds. ML, ELECTRICAL CCUIT OP TH1 fM GENE&OR

Such high current, long duration pulses have
never been obtained before hand. Therefore a pulse
generator prototype has been built in order to test
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The theoretical response of a LC-ladder PFN with The probability of an erratic firing of a spark

18 equal cells has been published previously '. It gap is relatively high, generally of the order of 10/oo.

has also been shown that in order to get a fast fall
time and an adjustable pulse length, three switches, - It ;s not sure that the energies to be switched

called main, dump and clipper switches, are necessary can be handled by spark gaps without excessive errosion
as indicated on fig. 1. of the electrodes.

The 18 cells of the PFN and the front matching cell For all these reasons, spark gaps were not tried.

which gives the fast rise, are assembled in a large
tank of 4.0 m x 1.5 m x 0.8 m, filled with mineral oil Although ignitrons can switch current pulses of up
(see fig. 2). The three switches are gathered in a to hundreds of kA in the millisecond range, they are

not suitable either. For 60 kV charging voltage,
several ignitrons in series would be needed. Also
ignitrons give fluctuations in the switching time
("jitter") of the order of 1 or 2 s which is prohibitive
for our application. Finally, their limited rate of

rise of current is not compatible with our rise time
requirements.

H.V.sp Another possible switch is the high voltage malti-

gap thyratron which has proven to be satisfactory for
pulses of up to 10 kA amplitude and 3 us duration 6.

This kind of switch was therefore tried first.

=Results with normal thyratrons

The tank for the switches shown in fig. 2 was
designed firstly for the use of three English Electric

Sches a CX 1171 thyratrons, which are deuterium-filled, three-
- gap tubes with a ceramic envelope. Each thyratron is

Resistor -P- mounted vertically in a coaxial housing, fixed on the
cover of the tank. In addition, two stacks of 12
Unitrode UGE 7.5 diodes each, are placed in parallel

Fig. 2 Overall view of the pulse generator with the dump switch . As a thyratron can pass the cur-
rent only in one direction, these diodes are necessary
to dump the negative current pulse which is generated

separate tank, also filled with mineral oil, which is when the cli-pper switch fires and which travels back-
shown in front of the PFN tank on fig. 2. The two wards into the PFN 4. The heater power supplies and
tanks are linked with two sets of two 15 Q cables in the trigger pulse transformers for the 3 thyratrons are
parallel . . chough this arrangement deteriorates housed in this tank which is filled under vacuum with
slightly the rising edge of the pulse, it has proven to mineral oil.
be very flexible for testing different types of
switches. All the pulse shapes were checked at a low charging

voltage of about 10 kV, which showed that the circuit of

The load resistor and the dump resistor are made fig. 1 worked as predictud '. Then the voltage was pro-
of a stack of 10 carbon disc resistors. Each stack gressively raised, and the main switch only was trig-
is imrsed in mineral oil in a coaxial housing and is gered, giving a pulse as shown in fig. 3a. The 5 to 95%
temperature controlled in order to adjust the value of
the resistor.

Possible switches -
In total 20 high power fast switches are neces-

sary to operate all the fast pulsed magnet systems of
the SPS. It is therefore very important to find adj MFi ctR

switches which have a high degree of reliability and at 10KV

which require a minimsm of maintenance.

Spark gaps have been used quite extensively in the
past for similar applications S. They are quite
simple in their principle, but have a number of dis-
advantages in long term operation :

- For a given gap distance and gas pressure,& spark W"
gap allows only a small change in charging voltage. A

larger change could be made by vaxing these tw para-
meters, but it is doubtful if a change of a factor of

10 could be achieved during one SPS cycle, as it is re-
quired for the beam dumping system, where the voltage
must track the proton energy 2.

f :PULSE S4AE OBTAM WTHA
Triggering of a spark gap requires high voltage NMi4LTHWNATRONASMAINM IH

pulses which makes the triggering circuit complicated.
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rise time is of the order of 150 nsec, seen on the load
resistor after the transmission cable. As it is uni-
directional, the main thyratron passes only the posi- ,rvT3.VI
tive part of the oscillations which occur normally at
the fall of the PFN pulse when the clipper and dump
switches are not triggered.

Above a charging voltage of 50 kV, the negative V,
part of these oscillations started to be conducted
through the main switch at a ratio of about once per
100 pulses (fig. 3 b). During the next three thou-
sand pulses under these conditions, the number of
erratic firings of the main switch increased consider-
ably up to 10 % and consequently the DC voltage hold-

ing capability of the thyratron was strongly reduced.
This effect could not be corrected by a reduction of 1~mtn

the reservoir voltage of the thyratron.

A second thyratron tested under the same condi-
tions gave exactly the sam results. it is tents- FiU:THYRAGNI ELECTMCAL CWW

tively concluded therefore, that for high current and
long duration pulses, the normal thyratron becomes very
sensitive to reverse voltage, which results in back
arcing and leads to the destruction of the tube. It in conjunction with a CX 1171 thyratron. Three igni-
should be noticed that because of the PFN configure- crons in series are necessary to hold off the charging

tion, some voltage reversal on the anode of the main voltage. In a first assembly the ignitrons were
switch camot be avoided at the end of the PFN pulse, mounted vertically one beside the other and with a
even if the clipper is fired ' special voltage divider different from the one used for

the thyratron. This voltage divider was made of three
In order to find the limits of the CX 1171, an- spirals, each being built from a chain of small carbon

other thyratron was put in the main switch position resistors and located around the suede of each ignitron.
and the clipper and dump switches were taken out of the In this way each ignitron anode is heated by the power
tank. The Pil was shortened to 4 cells only, giving dissipated in the divider and has always a higher
a nominal pulse length of 6 us, and the charging vol- temperature than the cathode, which prevents any de-
tags was raised progressively up to 60 kV, without any posit of mercury on the anode by sublimation. The
malfunctioning of the thyratron for a few thousand C_ 1171 thyracron was left in its coaxial housing, but
pulses. Two cells were then added to the PFN and between the PFN and the thyratron anode a small resis-
the sam test was repeated. The switch worked per- tor 7. a 0.12 a was added. When the thyratron con-
fectly at 4 kA current amplitude and for pulse lengths ducts, a voltage drop 1'LAC develops between the cmmon
of up to 12 us. Above this limit, the same effect of anode and the common cathode of the thyragnitron:
back arcing as well as some indication of quenching
appeared, resulting again in the destruction of the 4VAC - R.1thy * aVT
thyratron.

where V is the arc voltage !rop across the thyracron.
In conclusion, it can be said that CX 1171 thyra- R was dimensioned such that AV is always higher than

iron can switch perfectly 4 kA rectangular pulses with 3 times the minimm anode volt*Se which gives reliable
a fast rise time up to a certain pulse duration. To firing of an ignitron, i.e. 3 x 100 V. The thyratron
switch longer pulses, it is necessary to have a switch is triggered via its G2 covaand grid, which is biased
which is not sensitive to voltage reversal and not sub- to - 170 V, while a DC current of 25 mA is flowing

ject to quenching. through the GI grid circuit. The same trigger pulse
is used for the three ignitrons, and its relative

The Thyranaitron timing with respect to the thyratron trigger pulse can

The ..hyranitron principle be adjusted. lowever, in order to prevent the des-
To r l truction of the thyratron in case it starts conducting

To overcome these difficulties, one can think of spontaneously (erratic firing), the thyratron current
combining the advantages of both the thyratron and the pulse measured by a current transformer is mixed with
ignitron. This results in the "thyraenitron" concept the ignitron trigger pulse, such that the ignitron
whose principle is shown on fig. 4. Basically, the chain is always triggered when the thyratron starts to

thyragnitron is made of a normal multigap thyratron by- conduct. For the same reason, if the ignitrou chain
passed by three ignitrons in series. The thyratron does not conduct when triggered, the pulse generator

provides only the steep current rise and the precise is stopped automatically.
turn on, whereafter the ignitrons progressively take
over the discharge current. As ignitrons can with- Experimental results
stand large volte reversal and inverse current, the The best results are obtained when the thyratron
ignitron' should be able to pass the negative over- and the ignitron chain are triggered simultaneously.
swings after the PYN fall without danger. In this The into th all crre i t an ches
way, the ignitron chain protects the thyratron from The shargn o of the overall current in the two breaches

quenhia andbac arcng.of the chyragnitron can be seen an fig. 5 a) and b).
qunching end back arcing. Both currents recombine perfectly giving the sm pulse

The thyregnirron was tested as a main switch, with as if only one single switch were used. The thyrs-

neither clipper nor dump in the pulse generator. Three tron current rises very rapidly as before, and then

National Electronics ML 1039A ignitrons have been used decreases continuously as the ignitrons gradually take
over the current from the chyratron. One sees also
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The double cathode thyratron

Another way of overcoming the physical limitations
.uvr currnt of the normal thyratron was proposed by EEV which has
thy Crrent manufactured a special thyratron, the CX 1171 B, which
RI A/dv has a complete cathode assembly including a reservoir

/ instead of the usual anode 7. As more gas is provided
to the discharge, in particular in the top gap. auench-
ing of the discharge can be avoided for long pulses.
In addition, this thyratron being completely symetrical,

curnt it will be able to pass reverse current and be insen-
•VVV c,,nt sitive to voltage reversal.
I KAiv

/The CX 1171 B as a main switch

This double cathode thyratron was tested first in

the min svitch position, with neither clipper nor
c) First ignitron dump switch in the pulse generator. The reservoir

housing voltages of the two cathode assemblies have to be equal,

as well as the two heater voltages. They were set to

wtFCurret 5.2 V and 6.8 V respectively. To preionize the cathode

assembly which plays the role of the usual anode, DC
currents were maintained in the cmmand grid circuits,

TPVMVMC.urrn i.e. 75 mA for the grid Gl and 25 mA for the grid G2.
On the "Cathode" side, a DC current is also flowing
through the grid G1, while G2 is biased to -170 V. The

FIG 5: CURRENT SHARING I THE trigger pulse is applied on this latter grid, the
THYRAGMTR SWITCH "anode" assembly never being triggered.

No difficulty was experienced in getting the nomi-

that the negative overswings at the P fall pass nal 4 kA, 24 us pulse. A preliminary life test of

through the ignitron chain and that the thyratron n 150 000 pulses was carried out. At the beginning, the
number of erratic firings was quite large, of the orderlonger arcs back, of 1 O/oo. This was surprisingly corrected by increas-

ing both reservoir voltages, up to 5.5 V. Indications
The iyitron current starts about 1 ws later than of quenching necessitated a further increase on the

that of the thyratro and has rate of rise whichain reservoir voltages up to 5.8 V with again an improvement
given by the stray inductance L of the ignitron chain. in the rate of erratics which at the end of the test wasThis is demonstrated by the comparison of figures Se) of the order of 10

-
4 or less.

and b) with figure 5c). While fiure 5c) was taken
with the ignitron assembly described above for which Rise time and jitter are similar to those given
L was measured to be 1.4 uH, the pictures 5a) and b) by the thyragnitron.
were taken with the ignitron chain rebuilt in a co-
axial housing in order to minimise L to an estimated Clipper after the main switch
value of 0.4 uH. In this new arrangment which has a
very low inductance, the thyratron stops to conduct The life test reported above was stopped to put
just before the fall of the pulse. For charging vol- the other two switches in the pulse generator. The
tages below 50 kV one can even see the thyratron ex- dump switch was now also a double-cathode thyretron
tinguishing before the and of the pulse flat top. CX 1171 B. As it can pass current in both directions,

the stacks of diodes are no longer necessary and eers
The stray inductance L of the ignitron chain is therefore renoved.

more important at the pulse fall as it leads to a nega-
tive voltage To the contrary of fig. 1, the clipper, which was

dl. a double gap single cathode CX 1168 thyratron, was put
V - L after the main switch, i.e. its anode connected to the

appearing across the :hyratron. If V is higher then main switch cathode. In this way the fall time of the

the arc voltage drop of the thyratron, a closed cu pulse should be limited only by the stray inductance of
ret loop rcvae deop in the thyrgnitron wit oethe clipper. Also the clipper has to withstand 30 kVrent loop can develop in the thyragnitron with sons plssony
current flowing in the reverse way in the thyratron. pulses only.
This effect cannot be seen on the resulting pulse me- Nevertheless, this arrangement has several draw-
sured on the load, but is shown by the dotted traces of backs:
fig. 5c for which 100 pulses were superimposed. Al-
though the power involved is relatively small, this - Wheu firing the main switch, the clipper has a
effect can dmage the thyratron, and this is why the signitron chain was rebuilt in a coaxial housing. strong tendency to start on its own. because of the

voltage pulse appearing on its mode and which is not

ith this new arrangement a life test was performed. correctly divided across its Saps. This was correctedA iter thsanew arrapuesent at life test 2 s urio, by adding to the usual voltage divider a 500 pf capacitorAfter wre than 106 pulses at 4 k, 24, us duration. at across the last clipper ap and later on by chaning
a repetition rate of 42 pulses per minute, the thyrar- the CX 1168 thyratron clipper by a ormal ob 1171
nitron showed no sign of deterioration of performance.
The rate of erratic firings of the thyratron was of the _ As the clipper cannot pass reverse currents, the
order of 2.10-, while only 3 missing ignitron current negative overswings produced by the natural fall of the
pulses wre recorded. PFN pulse are transmitted through the min switch to the
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a) overall pulse on resistive load - 2 us(div. -110 7

LOAD

Fig. 7. Electrical circuit of the double cathode

thyratron CX 1171 3

three thyratrons. Both "cathode" regions of each tube

are preionized by a 1OO mA DC current in the GI circuit.

The grid G2 of the "anode" side is conmected directly

to the high voltage, and each tube is triggered by the

G2 of the "cathode" side, which is biased to -170 V.

Capacitive compensation of the resistive voltage
b) Min switch current - 2 ,,s/div. divider is necessary for the clipper, to insure correct

voltage division across this tube when the main switch

is fired. Each resistive divider is made of a chain

Fi:. 6 Pulse shapes with clipper switch after of smell carbon resistors wound around the corresponding

the main switch thyratron, which is then placed in a completely closed

PFN charged at 60 kV coaxial housing. In this way each thyratron is screened

as far as possible against interferences from the

others, which prevents that it starts spontaneously when

another switch is fired. This is particularly important

load and not short-circuited by the clipper, as for the clipper.

expected. This is shown on the first picture of fig.6
for which the dump and clipper switches were triggered
such as to reduce the pulse length down to 5 usec.

- When the clipper conducts, the PVN is short-cir-

cuited, and the current doubles in the main thyratron
reaching about 8 kA, as for the clipper (see fig. 6).

This additional peak of current at the end of the pulse
may reduce the life of the main thyratron and increases
the probability of quenching. In case of an erratic
firing of the clipper, both the main and the clipper
switches have to pass 8 kA for the whole pulse length.

In spite of this, this arrangement was tested for
35000 pulses. In particular the pulse length could be c)
varied easily between 0.5 us and 24 us by simply chang-
ing the relative triggering times of the three switches.
This test was stopped for replacing the clipper by a
double-cathode thyratron.

Clipper in front of the main switch Pia. 8: Pulse shapes with clipper switch

All three switches are now double-cathode CX 11713 in front of main switch

thyratrons, with the clipper placed in front of the PFN charged at 60 kV
main switch as on fig. l,i.e. the clipper and main a) Pulse on load resistor
thyratrons have a common anode connection. Several
electrical circuits for exciting the thyratrons have b) Pulse on dump resistor
been tried. The best results are obtained with the c) Clipper current
circuit shown on figure 7, which is the same for the
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Figure 8 shows the different pulse shapes when the Conclusion
PFN is charged at 60 kV, and for a 24 us pulse length. Two kinds of switches have been successfully test-
The current flowing through the main thyratron has ad, which cope with the high current long duration
exactly the same shape as the pulse seen on the load e wh i e fot the hihut lon g d at
resistor. One clearly sees the full polarity change pulses required for the excitation of the 19 fast
of the dump switch current. This switch can also work pulsed magnet system.
as an inverse diode, when it is not triggered and in Although simple in its principle. the "thyrag-
this case, passes only the negative current pulse gene- nltron, made of a normal thyratron by-passed by 3
rated by the clipper. Here again the maximum clipper ignitrou, lad to a omewhat complicated conbtruction.
current is twice as high as the nominal pulse current. But it can be easily extended to higher currents and to

pulses of longer duration. It is best suited when only

a main switch is required in the pulse generator, as
it is the case for the SPS beam dumping system.

With three double-cathode SEV CXl171 B thyratrons,
we were able to produce 4 kA rectangular pulses, with
a pulse duration adjustable between 0.5 and 24 usec,
and good performance in rise and fall times, as well
as in jitter.

Both kinds of switches have been tested so far
for about one million pulses, which represents about
four months of full operation of the SPS accelerator.
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LONG PULSE SWITCH AND POWER AMPLIFIER
TUBES FOR PHASED ARRAY RADAR

R. E. Byrm and J. T. tfark
RCA Corporation, Electronic Components Division

Lancaster, Pennsylvania

Sumary mechanical support for the tungsten-rhenium heater
and the associated high-alumina heater retainer

Three now tetrode tubes are now in development ceramic. Tantalum and molybdenum parts are used
in 50 kW, 100 kW, and 500 kW sizes for use as long rather than the more conventional nickel parts be-
pulse radar switch tubes, and with 10 kW, 20 kW, cause of the operating temperature of the
and 40 kW levels in long pulse UHF and L-Band rf tungsten-matrix cathode (about 1050

0
C brightness

power amplifiers. All three tubes use newly devel- temperature).
oped tungsten matrix cathodes and are currently
being tested for pulse lengths from I to 8 milli- Figure 2 shows a cross-section of the RU. A2975
seconds and with capability for greater pulse cathode. The RCA A2950 cathode is of similar con-
lengths. These new cathodes are specially devel- struction. In these types, due to the sequence of
oped for high current long pulses, arc resistance, manufacturing operations which require the entire
and long life. Aspects of the tube design and heater-cathode assembly to be exposed to a hydro-
operation in typical service life test are dis- gen atmosphere brazing furnace, no tantalum is
cussed. used, and all associated parts ere of molybdenum

or a molybdenum-rhenium alloy.
Introduction

Advantages of Tunssten-Matrix Cathode
The development of long-range deep-search

radar systems has created a need for long-pulse There are several advantages derived from the
tubes capable of operation at pulse lengths up to use of tungsten-matrix cathodes for military
several milliseconds. Such tubes are useful, for radar. The tungsten-matrix cathode has a smooth
instance, in one approach to a phased-array system machined metallic surface. This smooth surface
In which a multiplicity of tubes of moderate power reduces high voltage gradients at the cathode sur-
rating is used, with the necessary phase shifting face and provides for excellent resistance to arcs.
accomplished at a low power level. Long pulse
tubes are needed both as switches to control the dc The metallic emitting surface has a very low
power applied to the systems, and as power ampli- internal resistance. It is free of self-heating
fiers in the rf portions of the equipment. effects and the formation of an interface layer.

As a result, internal arcing with possible gas
New Series of Tubes evolution will not occur with high pulse currents.

This contributes to the excellent resistance to
To meet this need RCA is developing a series arcs with high pulse currents, and also results in

of gridded tubes utilizing tungsten matrix, or none of the pulse breakup sometimes experienced
tungsten dispenser, cathodes. A general descrip- with the conventional nickel matrix oxide cathode
tion of this type of cathode may be found in the with life. Also, unlike the oxide cathode, there
literature in papers by R. Levi

1
, W. H. Kohl

2
, and is no possibility for loosely sintered particles

G. A. Haas and R. E. Thomas
3
. Excellent work in to break off and cause intarelectrode shorts.

the study of these cathodes is being done by Dr.
Hass and his associates at the U.S. Naval Research The tungsten-matrix cathode is not damaged from
Laboratory in Washington, D.C. bombardment by gas ions, or affected by electrons

returned to the cathode through transit time
The new RCA tubes using the tungsten matrix effects at the higher frequencies. Provided the

cathode are designed to have improved efficiency, tungsten-matrix cathode is not operated at too low
reduced power requirements, and increased rugged- a temperature, it is less prone to poisoning by
noes over the nickel matrix oxide and thoriated residual gas than oxide cathodes because barium
tungsten types now in use. These tubes are capable and barium oxide are constantly replenished from
of pulses from I to 5 milliseconds at normal duty, the barium aluminate impregnate which fills the
and 10 to 20 milliseconds at reduced duty. entire volume of the tungsten-matrix.

Three types are presently in development. r~a A cathode brightness temperature of 1050
0
C is

RCA A2950 is rated for 50 kW of peak power input high enough to prevent poisoning by residual gas,
for pulse modulator service. The RCA A2975 is and yet is a moderate temperature for a tungsten
rated for 100 kW of peak power input, and the RCA matrix cathode. At this toeerature cathode
A2960 for 500 kW peak power Input, both for pulse emission remains constant for very long life, even
modulator service, under conditions of high cathode loading. Using

test Aiodes at cathode current densities as high
Tungsten Matrix Cathode as 10 amperes per square centimeter, constant

emission for thousands of hours has been reported.figure 1 shows a cross-section of the heater-

cathode assembly used in the RCA A2960. The cathode The pulse mission capability and the dc
is a cylindrical tungsten matrix which is impreg- emission capability of the tungsten-matrix cathode
nated with Barium Aluminate. The heat dam which are essentially the same. For this reason no
supports the tungsten-matrix cathode is made of droop in emission occurs with long pulse opera-
molybdenum. The heater spool and the heater spool tion. The pulse length and emission level that
lid are tantalum. These Are the parts that provide can be ut'lized are thus not limited by the
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cathode, but by the allowable dissipation of the A2960 outline drawing and typical pulse modulator

other tube electrodes, service. In this case 425 kW peak power is being
switched in the load.

In the new series of RCA tubes, the dc cathode
current density is held to 200-250 milliamperes per Life Results
square centimeter of cathode area. This figure is
double the usual rating for a nickel matrix oxide Varied life experience has been accumulated

cathode, but it is moderate indeed for a tungsten- for the A2950 in pulse modulator service and in rf

matrix cathode. At this level of dc emission, and service, and for the A2960 in pulse modulator ser-
at the cathode operating temperature being used, vice.
the life expectancy of the cathode itself is 50,000
-100,000 hours. RCA Traveling Wave Tubes using As a hard tube modulator the A2950 has been
these cathodes are exhibiting 10,000-15,000 hours run for 3,000 hours at a peak plate current of 13
of life, and one European manufacturer of gridded amperes with I millisecond pulses at .01 duty.
tubes has reported CW dynamic life in excess of
13,000 hours, with the tubes still operating. In rf service the A2950 has been operated

6,600 hours in 30 MHz CW service. DC plate cur-

Many of the advantages that have been outlined rent was I ampere and power output was I kW, both
for the tungsten-matrix cathode also apply to the of which are double the values obtained from a
thoriated tungsten filamentary cathode. The nickel matrix oxide tube of equivalent size. The
tungsten-matrix cathode is much more efficient, A2950 has also been operated over 5,000 hours in
however, as only 1/4 to 1/2 the filament power is the visual IPA stage of a commercial TV trans-
needed for equivalent emission levels. The mitter in actual TV broadcasting use.
tungsten-matrix cathode is also much more rugged
than the thoriated tungsten filament, and not sus- The A2950 heater has been cycled on and off
cedtible to breakage under environmental conditions for 20,000 cycles with no heater failure.
or in shipment.

The A2960 has been operated in pulse modu-
The advantages of the tungsten-matrix cathode lator service for 2,700 hours with a variety of

in tubes for military radar systems may be sum- conditions to simulate random pulse width radar.
marized as follows: Pulse width varied from I to 4 milliseconds and

peak currents from 10 to 25 amperes.
I) Arc resistant operation at high pulse currents,

The A2960 heater was cycled 12,000 times
2) No pulse droop, without failure.

3) No pulse breakup. Life tests of the A2950 and A2960 are contin-
uing, and life testing of the A2975 has been

4) Very Long life at moderate temperatures, started.

Grid-Screen Construction RF Operation

All three of the new RCA tetrodes are of the In addition to pulse modulator service which
proven REA cermolox construction, with the grids has been stressed up to this point, this new
and screens simultaneously produced by electrical series of tubes is also useful in pulsed rf ampli-
discharge cutting, resulting in perfect alignment fier service.
of the grid and screen wires. The RCA A2960 uses
molybdenum for the grid and screen wires, while the Figure 9 showi a chain of two A2950 tubes
A2950 and A2975 have grids and screens of a copper giving broad band operation similar to that re-
alloy quired in one section of a radar system that has

been under consideration.
Typical Operation as Hard Tube Modulator

Figure 10 shows typical operation of the
In pulse modulator service the A2950, the A2960 in pulsed rf amplifier service giving 40 kW

smallest of the three tubes, is rated for 5,000 of pulsed power output up to 400 M4z with 2 milli-
volts plate voltage and 10 amperes peak plate cur. second pulse width.
rent at .01 duty and a one millisecond pulse width.
The outline drawing of Figure 3 shows the physical Many other operating conditions are possible,
size of this tube, and Figure 4 shows typical of course, and reference should be made to the
operation as a pulse modulator switching 18 kW peak technical bulletins 4, 5, 6, for these tube types
power in the load. for information on allowable inputs and plate cur-

rents at various duty factors and pulse widths.
The A2975 is rated for 5000 volts plate volt. Also available is an RCA Application Note 7

age and 20 amperes peak plate current under the describing the advantages and uses of tubes with
am conditions. Figures 5 and 6 show the outline tungsten-matrix cathodes.
drawing of this tube and typical pulse modulator
service switching 40 kW peak power in the load. Conclusion

The largest tube, the A2960, is rated for It has been demonstrated that tungsten-matrix
20,000 volts plate voltage and 25 amperes peak cathodes can be successfully utilized in gridded
plate current, again at .01 duty and one milli- tubes, and that tubes with this type of cathode
second pulse width. Figures 7 and 8 show the offer many advantages for long pulse service in

military radar systems.
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TUNE4N YAThIX rUNGSTDl awlE
aRUM ALUMfNATS

IU~y-IIJT uXIH AL203

MOYUtH 25022

SIIITER

CI 30CLD 1.O0

nCUI I A2940 C&1 ii ,

ROJIZ 3 A2130 OJtrL1U

HOLYRvrmummTYPICAL OPERATION

BRAZZ/NI RAZE WITH RECTANGULAR WAVE SHAPE PUSES, DUTY FACTOR Of 0.01, AND
XU TO &ILTRIA PULSE WIDTH OF 1000 MICROSECONDS.

DC PLATE VOLTAGE 3000 V

NDTXmumlmAL 203  DC GRID-NO. 2 VOLTAGE Soo V

MLBEU.DC GRID - ND. I VOLTAGE .120 V

MZT PEA" POSITIVE GRID-NO. I VOLTAGE 23 V

aaPTAK PLATE CURRENT 10 A

DC PLATE aiRRET 100 MA

XXE DC GRID-MD. 2 CURRENT 10 NA

DC GRID-NO. I CURENT so mA

LDD RESISTANCE 180OO

GU-Q.D W.VAE
USEFUL DC PEAK POWER OUTPUT AT
PEAK Of PULSE 18.000 W

FIGURE 2 £2975 CAITNODE
FIGURE 4 A2950 PULSE NDDULATOR SERVICE
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AMS7 3.700"

..

6.000

3..760"

IGURZ 7 A29 0 OT I .NI

l0U" 3 A2975 o06n7711

TYPICAL OPERATION
WIH RECTANJGULAR WAVE SHAPE PULSES, DUTY FACTOR OF 1.0

PERCENT MD A PULSE WIDTH OF 1000 IICROSECONDS. W1771 RECTANGULAR WAVE SHAPE PULSES, DUTY FACTOR OF 1.0
PERCIT AND A PULSE WIDTH OF 1000 MICROSECONDS.

DC PLATE VOLTAGE 20,000 V
DC GRID NO. 2 VOLTAGE 1,000 V DC GRID No. 2 VOLTAGE 1,500 V
DC GRID NO. I VOLTAGE -250 V DC GRID No. I VOLTAGE .400 V
PEAK POSITIVE GRID NO. I VOLTAGE 320 V

PEAK POSITIVE GRID No. I VOLTAGE 50 V
PEAK PLATE CURRINT 20 A

PEAK PLATE CURRET 25 A

DC PLATE CURRENT 200 MA DC PLATE CURRIT 250 A

DC GRID NO. 2 CUR T 25 mA DC GRID No. 2 CURRENT 15 sA

DC GRID 140. 1 CURRENT 35 vA DC GRID No. I CURRlIT 20 mA

LOAD RZSISTMCE 100 O Las LOAD RESISTANCE 680 Ohm

USEFUL DC PEAK POWER OUTUT AT USEFUL DC PEAK POWER OUTPUT AT
PiAK OF PULE 40 kv PEAK OI PULSE 425 kW

FIGURE 6 A2975 PULSE .SDULATOR SERVICE FIGURE 8 A2960 PULSE ?WI.ATOR SERVICE
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Kb

80 1 29 f100A 29 f

1300 MR&
50 Mgz BANDWIDTH 9 -1 dB DOUBLE TUNED
SCREEN PULSED CATHODE DRIVE
2000 HICROSEC. PULSE, 5, DUT

DC PLATE VOLTAGE 1600 2200 V

PULSED GRID No. 2 VOLTAGE 800 800 V

DC GRID No. I VOLTAGE -30 -26 V

DC PLATE CURRENT DURING PULSE 2.94 4.33 A

DC PLATE CURNT .147 .217 A

DC GRI No. 2 CURRAT .003 .005 A

DC GRID No. I CURRENT .001 .033 A

FIGURE 9 A2950 PULSED Ef AMPLIFIER CHAIN

VR.~UUCY 400 t

PULSE VIDWl 2 Nillisec.

DUTY FACTOR 5 %

DC PLATE VOLTACE 11,000 V

PULSI GRID NO. 2 VOLTAGE 1.30 V

DC GRID NO. 1 VOLTA" -250 V

DC PLATE CURRENT DURING PUILSE 7.7 A

DC PLATE CURRUIT .39 A

DC GRItD 0. 2 CURltR 7 mA

DC GRID NO. I CURRUIT 19 MA

OUTPUT CIRCUIT EPI CIUCY 85 %

DRIVE POVE AT PEAK OF PULSE 2.3 kW

USEUL POllR OUrPUT AT PEAK Of PULSE 40 kW

FIGURE 10 A2960 PULSED RI AMLIPR

(
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4CW 100,000 TETRODE PULSE TETS AT RADC

By Paul Bryan and Howard Beard
Rome Air Development Center, USAF
Griffiss Air Force 3ase, New York

Sumary

This investigation showed that this tube can provide The parameters of the test are listed in
very stableoulse performance at a wide variety of Figure S. Figure 6 shows waveforms encountered.
conditions well above its 4 megawatt and 40 KV The grid operated at about 250 volts negative
ratings. during the pulse. with 160 MFD of energy storage

the anode voltage drop was only 2 KV. Following
In an effort to obtain data beyond the published this test the tube was disassemhled at the factory
ratings on Tetrode Switch Tubes, the RADC High for inspection. It was found to have no damage to
Power Laboratory conducted an investigation on either the anode or other elements.
three versions of the EIMAC 4CWl0,000 Tetrodes.
These tubes are manufactured for high power short- HIGH VOLTAME SVITCHINC WITH THE 4C,100,000E
wave broadcast service.

The third test was an investigation of the high-
SWITCHIN' TEST OF 4CWIOo.lOOD voltage switching characteristics of the E' model

of the 4C'I,00,000 series. Figure 7 shows the cir-
Figure I shows the "D" 4odel with its socket. It cuit employed. A 20 ampere oulser with 200 ohms of
had a height of about 18 inches with a fairly long swamping was used to insure stable qrid voltage.
stem section which supports the internal elements The bias supplv floated in series with the 1rid
and results in some cathode lead inductance. The lead on an isolation transformer. The screen was
tube is shown in its test position in Figure 2. The shunt-regulated to hold its voltage constant
X-Ray Shield is removed for the picture. Ten micro- regardless of direction of current flow. The tube's
farads of energy storage equipped with a crowbar is initial position in the test set is shown in
in the anode supply circuit. The grid circuit was Figure 1. After conditioning the tuhe cold to
swamped with 150 ohms. The video load was a 70 KV a number of Points of stable operation in a
sodium-nitrite liquid resistor circulating through switching node were recorded, gradually working un
a heat exchanger. The test set was then limited to 70 KV. Flashover was experienced at voltages
to 20 microseconds. After cold conditioning. the higher than 70 KV. Figure 9 shows how tne test
tube was operated initially at low duty, low voltage position was motlicied to immerse the tube in oil.
and high load resistance. Several stable points at This not only remedied the flashover nrobleo. it
progressively higher ratings were established, as also tot rid of the X-radiation. The tube could
shown in Figure 3. up to 7.23 megawatts at .01 duty now easilv be high-notted to 90 KV and operited
with a power gain of 350. Computation of power gain at 81 KV.
included the energy consumed in the ISO ohms of grid
swamping. Several points of stable operation at Figure 10 indicates much hither power gain with
both I and 1.7S Ki of screen dissipation were the 'F' model. Here you see points as high as
determined. ISOn. This was with 4n KV on the tube and at a

nulse width of 2W microseconds. The noints it
SIX MILLISECOND ANODE DISSIPATION TEST 1.6A megawatts and near there were all at a nulse

width of I millisecond. They are also at u power
The next test in the series was a SO0 hour anode gain of 30 dR. The maveforms in Figure 11 were
dissipation test of an early model of the taken at 1.61 meawatts with an anode supply voltage
4CIIO0,000t. The reason for this test was that in of 70 KV and 1660 volts on the screen.
a previous long-oulse program extensive difficulty
had been encountered with severe thermal cycling ___

of the anode surface at low repetition rates causing
fatigue failures with cracking, resulting in gas Time doesn't permit an analysis of the data however
bursts and arcs. This test was conduc-d at a peak if the tube is operated with a low impedance grid
anode dissipation of 1.3S megawatts wit6 10 pulses circuit, a clamped screen sunlv and within the
per second of six milliseconds pulse duration. nnly dissipation ratings of the qrids. this tube can
8.S ohms of current limiting was used as load provide very stible pulse Performance at a wide
resistance. The average anode dissipation through- variety of conditions well above its 4 megawatt
Out the test was 80.000 watts. A very noticeable and 40 KV ratings.
red glow around the ceramic (see Figure 4) pulsed
Slightly with anode current. The test continued We are indebted to the Eimac Division of Varian for
for three weeks around the clock, the loan of the tubes.
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,1 'AVA~t'10 -VS

rA4 1S rc.

--. ~ 4-0. .2.,. -- 1 -- 5
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Figre . 4W10.O00 wthsocet. Lare wn~ ut Figure 3. Figures at each data point indicate 'leak
at bottom of socket engages bayonet fittinF on base poe ineaats nvde la. Tuered t
of tube to securely hold contact surfaces of tube 40) KV anJ 4 megawatts.
against fingers in socket.

figure 2. 40 inch glass tubes containinp circulating
electrolyte function as video load. 40CWInO.OCOD
operated to 65 XV in this position. Figure 4. 4C,,lOO,fO(lE during 6 millisecond 1.3S

megawatts dissipation test. Parasitic choke in
anode circuit visible below hose.
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ANODE DISSIPATION TEST

4CW'100.OOE 19KA1

Anode Current

60A -

PARAMETERS OF SnO flOUR DIssIPATION TET 0

,E _ K.) 1 msec per cm

Oknode Supply Voltage 27.S KV Gi otg

Peak Anode Cur~rent rAverage 501 Ameres

during pulse)

Pulse Width 6 Milliseconds --

Repetition Rat* 10 Pulses Per '*con

Peak Dissipation 1.3S M1egawatts

Interulse Crid Bias Voltage -1600 Volts .. ..

Pulsed Grid Voltage .25n Volts I SOOV --

Screen Volta.e 2.00 Volts

Average 
A
node Current 3.1 %Sms

Anode Supply Capacitor lank l6Oufd -.... ec per cm

node Current Limiting Resistor R.S Ohms

Filament Current 220 Amos Anode Voltage

Anode Cooling 'later Flow 12.S gals/mtnn

Temperature Rise In Anode 100 C

Input fater Temperature 1q
° 
C

27 K .
Pressure Drop In Anode later 15 psi

Filgure S. Parameters of 50 hour dissivation test.

i asec per cm

Fiure 6. Average anode current durint pulse was

SO amperes. Note that grid was not driven positive

during dissipation test.
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FLgure 9. 4tlO.O0E in modified test position

Figure 7. Simplified circuit of hi'h voltge immersed in 10C insulating oil. Tube was operated
switching test of the ,4C 'OO0,)OOE. The pulse to 1 I y and high potted to 90 Ky cold without
width detector actuated the crowbar if the cathode flashover. Oil appeared to a bsorb X-Radiation.
current nulse exceeded the width of the grid drive
iul se.

d L

om oe8 P~~ -7 s

Figqure A. 4C 'lO.fOOE in test position with X-Ray Figure 10. Figures at each data point indicate
shield removed. The tube was op erated to 7l ICY in peak power in video load. Rated maxiums were
this position. 40 KYV and 4 meg.awatts peak output.

sC.
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ONE 'ILLIECOND SWITCH TEST
4CW o0,nOn E TETRODE

CONTROL GRID V"LTArE

-1000V"

500 usec/cm

GRID CURRENTS

Control , - ,
1.A/cm

Screen
SA/cm - --

SOO usec/cm

LOAD CURRENT

ISOA.- - -

SOA/cm

0 - - ! - -. . . . .

500 usec/cm

PiguTe 11. WavefoMs of the 9.68 megawatt point
shown in Figure 10.
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THE CROSSED FIELD SWITCH TUBE
AND ITS APPLICATION TO HIGH POWER MODULATORS

by

Michael A. Lutz
Hughes Research Laboratories

3011 Malibu Canyon Road
Malibu, California 90265

Summary Switch Tube Principles

This paper describes the principles and recent An XFT must be capable of performing the
development of a crossed field switch tube capable of following four functions:
closing and opening an HVDC circuit. The tube oper-
ates as a Penning discharge which can be controlled 1. Remain in a nonconducting state when a high
by an externally applied magnetic field. Several of forward voltage is applied (H. V. Hold-off).
the physical phenomena associated with this tube are 2. Trigger into a conducting state upon applica-
described, including ignition jitter, the glow to arc tion of the magnetic field (Ignition).
transition, sputtering, gas clean-up and life. One
particular tube has reliably interrupted 2. 5 kA 3. Conduct a high dc current in the glow dis-
against 60 kV with a voltage recovery rate of 15 kV/ charge mode for a specified time
isec. Several applications for this tube are described (Conduction).
besides those relating to power utility service. 4. Interrupt this current and revert to the non-
These include component protection (controlled re-
usable fuse), HVDC interruption for current-fed line- netic field (Interruption).
type modulators and substitution for hard vacuum
tubes for higher power 'hard tube" modulators. We shall now consider each of these functions in turn.

Introduction H. V. Hold-off

The use of a crossed field glow discharge to In the absence of a magnetic field, the breakdown
interrupt direct current against high forward voltage of a gas due to an electron avalanche is governed by
was first studied almost thirty years ago by Makinson Paschen's law which states that V = f($) where V is
et al. I in Australia. This group succeeded in inter-

rupting 50 A against a few kV by switching off the the breakdown voltage, p is the gas pressure, and d

magnetic field of a Penning discharge. They observed is the interelectrode spacing. To avoid breakdown,
ase an XFT must be designed such that the pd product is

that such a device could be used to close a circuit as everywhere lss than a critical value. Neither p nor
well as open it by first switching the magnetic field d can be made arbitrarily small, however. Below a
on and then off. It was suggested that such a device certain value of pressure, a high current density, low
could replace hard vacuum switch tubes in some voltage glow discharge cannot be sustained. And,
limited life, high current applications, below a certain value of interelectrode spacing (for a

Since 1962, considerable research has been per- given a voltage), field emission leading to breakdown
formed at Hughes Research Laboratories on low pres- will occur. Thus, the maximum operating voltage of
sure crossed field gas discharge devices similar to

those investigated by Makinson's group. z, 3,4 A an XFT is determined by the intersection of the field

major part of this program has been devoted to the emission induced breakdown and the Paschen (gas)
design and test of high power crossed field switch breakdown curves, as shown in Fig. 1. Operationin excess of 100 kV has been demonstrated using elec-
tubes suitable for power utility switching applications in e sce s of kV h be demosreusi (den

such as HVDC circuit breakers and current limiters rode spacings of I to 3 cm at gas pressures (hydrogen

for AC systems. Several different tube designs have or helium) inthe range 10 to 50 mTorr.
been investigated culminating in interruption voltages
and currents in excess of 100 kV and several thou- Ignition
sand amperes at recovery rates up to IS kV/isec.
Such high recovery rates eliminate the need for shunt
capacitance which is required with other HVDC inter- With an operating point as shown in Fig. 1,
ruption schemes. breakdown in the absence of a magnetic field is inhi-

This paper is divided into three basic sections. bited. Ignition is then achieved by pulsing a magnetic
The first briefly describes the basic operating prin- field (oriented essentially perpendicular to the elsc-
ciples of crossed field switch tubes. For those tric field) to a sufficiently high value to trap electrons
readers desiring more detailed information, other, in the interelectrode space so that an avalanche will
crossed field tube (XFT) literature should be con- occur and a plasma will form. Because of the con-
sulted (Refs. 5, 6, and 7). The second section de- fining effect of the magnetic field, it acts much like a
scribes one tube design particularly suitable for local increase in pressure. 8
modulator service. Test procedures and switching
results are also presented. The third and final The magnetic field strength B required totrigger an
section considers three potential applications of XFT at a given applied voltage is determined from the
XFT's in high power modulators. These are corn- condition that electrons having an energy corres-
ponent protection, current-fed line-type pulser ponding to the full applied voltage must have a
switching and hard tube substition.

40

7 _ _ . • . . .



cycloidal arch less than the electrode spacing. This particular) is chosen to minimize chemisorption,
translates into the following equation9: and heavy metals are preferred to slow the buildup

e t of the anode layer (through decreased sputter

B I.ll4V d in cm coefficients).
r- g s in volts Interruption

At 100 kV with a 2 cm electrode spacing, a magnetic
field of 500 gauss or more will trigger the tube. When the magnetic field is reduced below the

To achieve low ( S I sec) jitter, one cannot rely critical value required for conduction, the electrons
on the existence of initial electrons created by cosmic are no longer trapped between the electrodes and ioniz-
rays to start the avalanche. Experiment has shown ation ceases. Since current continues to flow momen-
that this results in jitter times -msec. Instead, tarily, charges are swept out of the interelectrode
radioactive sources or field emitters must be em- space and the plasma density falls, resulting simul-
ployed. Jitter times <10 "jec with a 5 mCi y emitter taneously in a current fall. Inductance L in the circuit
and < I &sec with a field emitting electrode have been will force the tube voltage V up, according to V = Lf
reliably achieved. An alternate approach reported by where I is the current rate of change. In the worst
Boucher and Doehler at the Eighth Modulator Sym- case limit of large inductance and negligible stray
posiumlO is to'use a low-level auxiliary discharge. capacitance, the tube voltage rises to the maximum
This is less attractive than the two above mentioned circuit limit while essentially the full current is still
methods, however, due to continuous electrode erosion flowing. The instantaneous power dissipation in the
and gas clean-up which occurs with a continuous dis- tube at the instant the voltage hits the full value is
charge. (The tube described by Boucher and Doehler I V , where I is the full circuit current and V is
should not be confused with an XFT. While triggered tlepeak circulit voltage. This power level canine
into conduction in the same way, their "artatron" as high as hundreds of megawatts. Under such
immediately transitions into an arc discharge which severe electrode loading, inhibiting the glwo to arc
does not interrupt the circuit current when the mag- transition and minimizing the current rise time
netic field is removed. ) into the load are crucial for reliable operation with

minimal switching losses.
Conduction An important point which bears emphasizing is

that a crossed field switch tube, by virtue of its inher-
Once ignition has occurred, the avalanche grows ent ability generate a negative I, causes the circuit

and a high density plasma (1013 -1014 ions/cc) is voltage to rise at a rate limited only by the particle
formed. Electrons are ejected from the cathode sur- loss rate within the tube and the stray capacitance.
face by secondary electron emission due to positive If the magnetic field within the interelectrode space
ion impact. Most of the current at the cathode our- could be reduced below the critical value at an ex-
face is carried by positive ions because the secondary tremely hifh rate of fall, the particle loss rate (and
emission coefficient for light ions at low energies hence the V) would indeed be limited only by the rate
< 1 kV) is much less than one. The ejected electrons of collection of charged particles and the stray capaci-

fall through a thin cathode fall (-10- 3 cm) and enter tance. In practice, however, eddy currents are
the glow column with full energy, producing enough induced in the electrodes which slow the fall of mag-
electron-ion pairs to sustain the discharge. Because netic field. Since the critical field is not infinitely
the plasma is essential equipotential, nearly all of the sharp but has a small, well-defined range ('-5 gauss),
discharge voltage appears across the cathode fall. these eddy currents slow the transition and must be

The conduction voltage depends on many par&- minimized through judicious choice of electrode
meters and is typically 500 QZ00 V. Relevant para- material thickness (resistivity) and field coil placement.
meters are pressure, magnetic field shape and
strength, electrode material and geometry, etc. Experiments
Good confinement is beet achieved using two coaxial
cylindrical electrodes with an axial magnetic field. Ekoeriments have been directed towards the
This allows the electrons (which experience a drift development of high current density, high recovery
perpendicular to both the electric and magnetic fields) rate switch tubes suitable for modulator applications.
to produce ionizing collisions without suffering signifi- These experiments have centered on a tube of the type
cant wall losses, shown in Fig. Z. The top funnel shaped part is the

One major difficulty in achieving high current high voltage feed-through bushing. The magnetic field
conduction in a modest size tube arises due to the glow is applied by an external coil. A cut-away drawing of
to arc transition. As stated earlier, once a vapor arc this tube without magnetic field coil is shown in Fig. 3.
is formed, suppressing the magnetic field does not The interelectrode space has a I cm gap with 500 cmZ
interrupt the current. A major research program of active cathode surface area. An ionizer electrode
directed toward suppression of the glow to arc transi- to minimize jitter is shown at the bottom of the inter-
tion has been underway since 1269 and glow current electrode space.
densities in excess of 10 A/cm' can now be conducted The test circuit is shown in Fig. 4. Capacitor C
for times -100 s with glow to arc transition proba- is initially charged to a few kV which also appears
bilities of 10-3-10- 4 (one arc per several thousand across crossed field tube XFT. Firing the thyratron
shots). energizes the magnetic field coil which in turn ignites

During conduction, considerable sputtering of the the XFT. Current then begins to flow in the L.C cir-
cathode occurs due to the extremely high 500 V ion cult, storing energy in inductor L. When the magnetic
flux. Typical sputtering coefficients are 10- 1 to 10-2 field falls below the critical sustaining value, the XFT
atoms sputtered/ion hitting the surface, yieldinan begins to dionize and L generates a voltage which rises
anode directed flux of cathode metal atoms -10r /cm7 until the spark gap fires. The current then decays
-sec at 10 A/cmZ. This has two consequences. First, with an L/R time constant.
gas clean-up can occur due to burial of the fill gas Typical experimental waveforms are shown in
under the deposited metal at the anode. Second, a Fig. 5. After reaching a peak current of Z. 7 kA in
greatly increased glow to arc transition rate or 80 osec, the field is switched off and the voltage rises
an inability to withstand high voltage can occur if to 60 kV in about 4 mee, giving an average
flaking of this deposited layer occurs. For these I = 15 kV/sec. The break in the current trace is due
reasons, a chemically inactive gas (helium In to electrical noise caused by the spark gap firing.
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Once this tube was conditioned to run at these levels, Now consider the LVFC circuit using the on-off
a reliability in excess of 99% was routinely achieved, switching property of XFT's A precharged 25 RF,
Gas clean-up was so small that hundreds of shots I kV capacitor can be used. The back voltage on the
could be run without a gas refill. Experiments with SCR's is now only I kV which is quite reasonable.
tubes of similar design indicate lifetimes in excess The energy stored is only 12. 51 compared to 1. 25 kJof 30, 000 shots under these conditions. and only a I kV power supply is required.

Applications Current-fed Line-tyvje Modulators

Crossed field switch tubes have been developed A current-fed line-type modulator stores energy
primarily for power utility applications. Both HVDC in an inductance and delivers it to a load when a switch
circuit breakers and AC current limiters require is opened. The energy density which can be stored in
the interruption of high currents against high forward magnetic fields (B 2 /21Lo = 40 MJ/m 3 at B = 10T)
voltages. It has become apparent, however, that greatly exceeds that whic can be stored electrostatic-
XFT's could be useful for a variety of non power ally (.e E1/2 = 0o 17 MJ/rn using a dielectric constant
utility applications. Three such applications, protec- of 3.2 and E = 3.4 x 108 V/M). 1I Therefore, signifi-
tion of delicate electronic components, opening switches cant size and weight reductions can be achieved through
for high power current-fed line-type modulators and the use of current-fed networks. For specialized
the substitution of XFT's for hard vacuum modulator applications requiring large amounts of stored energy
tubes are discussed below. (>100 kT) to be delivered to a load in times < 1 msec,

a current-fed network is the best way to meet the cost,
Protection size and weight requirements. The main reason why

such networks have not found widespread use is due to
An XFT can be placed in series with an electronic the unavailability of a suitable HVDC opening switch.

component and used as a controlled, reusable fuse. A suitable opening switch consisting of the paral-
Under normal operating conditions, the XFT is closed lel connection of a fast acting mechanical bypass
(i. e. , the magnetic field is on and current will be switch S and an XFT is shown in Fig. 7. Low voltage.
conducted whenever the circuit demands it). In case of high current supply V charges the PFN through S until
a fault, the magnetic field is switched off and the XFT the required amount of energy is stored in the PFN
interrupts the current flow. Two advantages of this inductance. S then opens and generates enough arc
approach are: (1) by isolating the faulted component, voltage to transfer the current to the XFT (-500 V)
the rest of the circuit can continue to function without which then continues to conduct until S has deionized
disturbance; (2) isolating the component rather than and is able to withstand the full circuit voltage. The
crowbarring it provides more positive protection. XFT then interrupts the current flow thereby energi-
Disadvantages include: (1) an insertion dissipation zing the load L.
approximately equal to 500 V times the average cir- One of the fast acting mechanical switches under
cuit current; (2) limited life of approximately l05 development at Hughes is shown in Fig. 8 . "  The
Coulombs: (3) the current rise time must not exceed contacts are enclosed in sulphurhexafluoride gas at
the formative time of the plasma ('-I ssec). 5 atm. absolute. Current flow is from one fixed con-

To eliminate the above three disadvantages, all tact to one moving contact, across the contact bridge
of which are due to current conduction through the to the other moving contact and back to the fixed con-
XFT under normal operating conditions, the XFT tact. To open the switch, the pancake coil is ener-
can be used as the switch in a forced commutation gized, inducing eddy currents in the metal disk which
circuit with silicon controlled rectifiers (SCR's) as push the insulated rod upwards separating the contacts.
the bypass switch. Such a circuit interrupting module Gas in the space above the moving contacts is compres-
is shown in Fig. 6. The SCR's are held normally sed and directed through flow channels (puffer) at the
closed by a holding current from power supply PS. arcs which form. This causes a rise in arc voltage
When a load fault occurs, the XFT is switched on and sufficient to transfer the current into the shunt XFT.
back voltages the SCR's until they have turned off. This switch reliably transfers currents -2 kA in times
The XFT then switches off the current flow and the -2 msec and subsequently withstands voltageswell
voltage rises across the module to the full circuit in excess of 100 kV.
value. Because the XFT can turn off as well as on, A first order estimate of the dissipation of the
the commutation capacitor can be rated only for low complete switch (bypass plus XFT) can now be made.
voltage. This puts a low reverse voltage on the SCR's During one complete cycle, dissipation occurs in four
and can provide them with a long, safe turn-off mar- discrete steps:
gin without the requirement for storing a large amount
of energy. 1. Charging through bypass switch.

The following example illustrates the advantage of.
low voltage forced commutation (LVFC) over full
voltage forced commutation (FVFC). Assume the 3. Conduction in XFT.
SCR's have a turn-off time of 25 isec and the circuit 4. Interruption in XFT.
current and voltage is I kA and 100 kV, respectively.
To minimize the stored energy, FVFC would use a We define the following symbols:
precharged 100 kV capacitor which would back voltage
the SCR's to nearly 100 kV after passing through cur- I Peak circuit current
rent zero at an extremely high current rate of fall. o
The size of the capacitor would be Z5 x 10- 3 C divided R Current path resistance of bypass
by I0' V which equals 25 x 10- 8 F. The stored energy
would be 1. 25 kJ and a 100 kV power supply and fully switch
charged capacitor would be on standby at all times. t(charge) Network charging time
Of course, there are some tradeoffs which could be V (arc-max) Maximum arc voltage of bypass
made such as using saturable reactors in series with switch
the SCV's to limit the current rate of fall or storing switch
more energy in the capacitor to limit the reverse t (bypass Opening time of bypass switch
voltage, etc. By and large, however, this type of opening)
circuit is not very attractive and has therefore seen
little use in such applications. V (XFT) Conduction voltage of XFT
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t (bypass Deionization of bypass Limitations of the XFT must also be noted.
deionizing) switch

V Load voltage 1. Limited life ('50, 000 shots)
o 2. Limited pulse width range (5-100 iisec)

t (XFT) Interruption time of XFT It thus appears that for those applications where the

limited life and pulse width range are tolerable, anAssuming a linear current rise from zero to 10, a XFT offers significant advantages over a hard vacuum
linear arc voltage rise from zero to V (arc-max) and tube.
a linear voltage rise from (essentially) zero to the Due to the availability of a new switch tube poe-
load voltage, we obtain for the one cycle switch dis- sessing the on-off switching capabilities of a hard
sipation. vacuum tube but without many of the limitations, theZ  

possibility of using a "hard tube" modulator in place

D = R t(charge) of a line-type pulser should be re-examined for each
particular application. Specifically, a "hard tube"

V~arc-m) ( a emodulator can offer the following advantages over a2 1 r 0t (bypass opening) line-type pulser:
V I. Easily variable pulse width

+ V(XFT) 10 t(bypass deionizing) + 2 = 10 t(XFT) 2. Simplicity

3. Flexibility- -use with a variety of load
The last term is multiplied by two to account app-oxi- impedances
mately for XFT dissipation during the charge colkec- 4. Charge voltage much less than twice load
tion period (after current has transferred into the voltage
load). The following vtlues are typical for che corn- 5. Energy storage rather than pulse discharge
plete switch: capacitors

6. More control when used with loads with
R = 50 ill time varying impedance

V (arc - max) = I kV
t (bypass opening) = I msec

V (XFT) = 500 V

t (bypass deionizing) = 100 piec.

t (XFT) a 4 gtsec. Conclusions

A crossed field switch tube has been developed
which is capable of closing and opening HVDC cir-

Assuming modulator opertng at ie 10 kA and cuits. Control is exerted by a magnetic field in the
Vo = 100 kV with 0 5 sec. charge time, we find range 10- 1 - 10-2 T, depending on the applied volt-D = (1 . 3 + 5 . 0 + 0 . 5 + 4 . 0 ) x 1 0 3 = 1 0 . 8 k J . T h e a e o d c i n v ~ a e d o s - 0 r y i agraetdissipation by far occurs during opening age. Conduction vciLtage drops -500 V are typical
greatest as are pulse widths in the range 5-100 Lsec. One
of the bypass switch and interruption of the XFT. particular tube has been extensively operated as an

As a typical example of modulator efficiency, interrupter at the 2. 5 kA, 60 kV level with a voltage
assume a ZOO load to be fed with 5 kA for 200 ssec. recovery rate of 15 kV/psec (no shunt capacitor was
This requires a network inductance of 2 mH storing required to assist interruption). Tubes of this type
100 kJ. If this inductan%.T; is charged in I sec. to have demonstrated high reliability (>99%) with expec-
10 kA (by a 20 V dc supply), approximately 10 IcJ are ted lifetimes well in excess of 10, 000 shots.
dissipated in the switch giving an efficienc 7 of 90%.

The existence of an HVDC interrupter with the
Hard Tube Modulators c iaracteristics exhibited by XFT's makes possible

rr-'ny applications not heretofore possible. Two
The hard tube modulator i distinguished from a appl.cations in the power utility area are dc circuit

line-type modulator in that only a small portion of the breakers and ac current limiters. Another application
stored energy is delivered to the load per pulse. To is the piotection of electronic components in high
achieve this, a switch tube capable of closing and power pul,.ars. This is accomplished by inserting an
opening the circuit is required. Prior to the develop. XFT in series with the component and using the XFT
ment of the XFT, the only candidate for this function as a controlled, reusable fuse. SCR's can be used in
was the hard vacuum tube. The limitations of hard series with the component instead of the XFT in order
vacuum tubes greatly favored the development and use to increase life and minimize insertion loss. The XFT
of line-type (voltage-fed) modulators for which closing is then used to off commutate the SCRI' in a low vol-
switches were readily available. The most severe tage commutation circuit which has great advantages
limitations of hard vacuum tubes are listed below, over conventional, full voltage commutation circuits.

I. High voltage drop (I-2 kV) Current-fed line-type modulators which have not
Z. Low peak current (I kA) been widely used due to the unavailability of a suitable
3. High filament power (10 kW) HVDC interrupter can now be considered, especially
4. Large sie and weight for high pulse energy applications. The XFT is used
5. Fragility to take over current from a mechanical switch and

perform the HVDC interruption Finally, used as an
In contrast, an XFT possesses the foilowing qualities: on-off switch, an XFT has lower voltage drop. higher

peak current capability and negligible standby powerI. Lower conduction drop (500 V) when compared to any hard vacuum tube in existence
2. Higher peak current (> 3 kA) today. This opens the possibility for the use of "hard
3. Negligible standby power tube" modulators using XFT's in a variety of applic-
4. Relatively compact and lightweight ations previously requiring the use of voltage-fed,
5. Rugged line-type modulators.
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600 kW PEAK HIGH REPETITION RATE
HARD TUBE MODULATOR*

Rudolf A. Ecken, Leonard Genova
Stanford Linear Accelerator Center

Stanford, California

Sumary General Considerations

This paper describes the design, fabrication and The proposed klystrons were to have the following
teat results of a modulator for the 220 kW S-Band kly- characteristics:
strona which are part of the proposed beam recircu-
lating system at the Stanford Linear Accelerator Peak RF Output 220 kW
Center. RF Pulse Width (Flat Top) 2.5 us

Repetition Rate 43,500 pps
The unit consists of a conventional three-phase- RF Duty Cycle 11%

bridge power supply, an energy storage bank and a Peak Beam Voltage 37 kV
series modulator, with bard switch tube and associated Peak Beam Current 14.8 A
driver circuitry.

An existing low duty cycle klyatron was rede-
Modulator parameters are as follows: signed and modified to take the higher average power

and repetition rate. The amplifier used during
Pulse Voltage 32 to 37 kV Peak system tests had its cathode structure submersed in a
Pulse Current 15 A Peak small oil container to minimize corona discharge

around the ceramic insulator (which did not perti-
Repetition Rate 0 to 44,000 pps cularly help the total load capacitance).

Pulse Width 2.5 us Flat Top The high repetition rate coupled with the avail-

Duty Cycle 13% max. able recovery time of less than 20 "a all but dic-
tated the use of a hard tube switching circuit and

The driver circuitry floats at the switch tube since voltage and current requirements were moderate,
cathode potential of 41 kVdc. The paper details the we circumvented the problems associated with pulse
difficulties encountered in designing the pulse coup- transformers at high duty cycles by choosing a series
ling, driver stages and protective circuitry. Test switch arrangement. (Fig. i)
results are presented with pictures of pulse shapes.

Since the dc supply has to provide not only the
Final consideration is given the latest proposal klystron current but also the charging current for all

of powering 500 kW S-Band klystrons at the same rape- the capacitances in the switch tube plate and klystron,
tition rate and duty cycle and adaptation of the cathode circuits, the modulator pulse has to be wider
existing modulator with minimal changes to its cir- than the RP pulse. A further increase seemed neces-
cuitry. sary to exclude a period of anticipated ringing at

the beginning of the flat top from getting into the RF
Introduction pulse. Assuming a voltage pulse flat top of 2.6 ;s

and a total (load and stray) capacitance of 300 pF,
One of the proposals for increasing the energy of the average load current and modulator duty came out

the Stanford Linear Accelerator calls for recircu- to be approximately 2 A and 13% respectively. There-
lating the electron beam through the accelerator fore the switch tube had to hold off at least the
structure before reinjecting it for a second accele- klystron voltage plus its own drop and pass 15 A of
rating pass. During the storage time of 2.8 ms (which plate current with reasonable drive requirements.
is the full interpulse period based on operation at
360 pulses per second), the beam would be completing We selected an Eimac Y499 tetrode which is a
122 revolutions. Beam losses due to synchrotron specially processed 4CX35000C with a voltage hold-off
radiation were to be compensated for by 16 klystrons capability of 55 kVdc. At 2 kV drop this tube de-
operating at the accelerator frequency of 2856 M and livers more than 20 A of plate current with zero volts
pulsed at a repetition rate of 43500 pulses per second at the control grid and 1000 V at the screen grid.
(corresponding to the recirculating period of about The constant current characteristics are such that any
23 ua). dc voltage changes, including those due to line vol-

tage fluctuations, are attenuated by a factor of two.
In order to prove the feasibility of the loss By setting the nominal tube drop at 4 kV it was possi-

compensation system we decided to build one working ble to absorb t 2 kV of dc vcltage changes and still
prototype RF amplifier. ad4getary considerations operate at full load current and within the tube diasi-
forced us to use man parts available around the SLAC pation rating. As a consequence we built a power
site which were not optimally suited for the task at supply with an output rating of 41 kV at 2 Adc.
hand: for exmple, the cabinet was too smell for the
number and size of coMonents and assemblies end the The sc power at 530 V is stepped up to 31 kV line
main capacitor was too low in voltage and too high in to line in the main power supply transformer. The
inductance necessitating series connection of two Input voltage was chosen to facilitate use of the unit
units and adding a high frequency one in parallel at various locations and from different sources:
(which did not help the size limitation of the cabinet during modulator tests at 530 V from a variable trans-
and was not fully effective in removing the beam vol- former, during production tests at 480 V using an
tage pulse top ringing). auxiliary boost transformer, and finally in our kly-

stron gallery at 590 V from the existing induction
voltage regulators using the auxiliary transformer
in a bucking arrangement. The high voltage from the

*Work Supported by the U. S. Atomic Energy Comission
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wye connected secondary is rectified in a conventional rejection to eliminate feedback from "deck bounce".

three phase bridge circuit resulting in a dc output Start and stop channels each consist of two low vol-

of 41 kV at 2 A. tage pulse transformers and four TV type 500 pF,

30 kV capacitors for high voltage isolation, each leg

A single section filter composed of a 20 H having two capacitors in series. The transformer

choke and two 2.7 4F, 25 kVdc capacitors in series center taps are tied to their respective reference

reduces the 360 Rz ripple to about 35 V peak to peak. levels, giving us a balanced system with inherent

The filter capacitor also supplies the load current common mode rejection. The first trigger passes

of 15 A resulting in a droop of 25 V during each through the "start" channel and turns off V2-V5 which

pulse. The stored energy is approximately 1200 are normally conducting. The multivibrator changes

joules. A 13 Q resistor was added in series between state, V1 turns on, and a positive pulse is fed to

switch tube and klystron to keep the energy diasi- cathode follower V7. The V2-V5 plate resistor was

pated in the load below a safe level of 10 joules in selected to be lkD in order to obtain a good rise

the event of simultaneous arcs in both tubes. time, even though it has to dissipate nearly I kW.

The cathode follower Is used to rapidly charge the

Modulator 500 pF input capacitance of the main switch tube.

The grid driver shown in Fig. 1 is of the The stop trigger resets the flip flop to its

floating deck type. We chose this circuit because of original condition by turning off Vi, thus tarmi-

its inherent high speed capability and good effi- nating the output pulse. The stop trigger also

ciency even though it is more dangerous to service on M nterily turns on tail biter tube V6 which rapidly

a routine basis. The driver has to supply all the discharges the main switch tube input capacitance by

control and screen grid voltages necessary to hold driving the grid more negative then its normal -700 V

the switch tube at cutoff during the interpulse per- bias level, resulting in a measured drive pulse fall

iod, drive it into conduction for the pulse time and time of 80 ns. Since ye utilized dc coupling through-

return it to cutoff after the pulse. As a screen out the driver there was no change visible in the

supply we used two available regulated supplies of drive pulse shape when the repetition rate was varied

450 V each in series. Since the grid did not have to between 10 and 44,000 pps.

be driven positive, the driver could be relatively
small and simple, or so we thought. This circuit was used to check out the klystron

for hundreds of hours, yet we were not comletely

Our first driver circuit is shown in Fig. 2. It satisfied with the output voltage waveform. At the

consists of bootstrap amplifier V1, cathode follower grid of the switch tube the measured rise time was

V2 and tail biter tubes V4 and V5. All tubes are 80 ns from the 10% to 90% points, but due to the

normally biased at or near cutoff. A full width 1 k.9 d- Iving impedance into the cathode follower

pulse, generated at ground level, is fed through a grid, it took an additional 40 ne to reach the

pulse transformer with high voltage isolation to the steady state value. Peaking in the plates of V2

grid of VI. V1 conducts, thereby turning on V2 wbich through V5 helped, but was abandoned because it in-

raises its cathode and the switch tube grid potenta . traduced aome ringing on the pulse top.

from -700V to approxl tely zero volts. The pulse
transformer fall time is sampled and differentiated The klystron beam voltage pulse (inverted) is

by the tail biter circuit, and fed to V4 and V5. shown in Fig. 5. Rise and fall times are about 0.5

Both tubes conduct and discharge V2 and V3 grid cir- and 1.5 4s respectively. The long fall time results

cuits respectively. from the load and stray capacitances being discharged
through the klystron's rising resistance with de-

In testing we found the driver to work very creasing voltage while the witch tube is cutoff.

satisfactorily without the isolation pulse trans- To coensate for the additional time required to

former. Rise end fall times of 80 nas were realized reach pulse steady state voltage, the mdulator

at the switch tube grid with very good flat top pulse width was increased by approximately 500 ns and

characteristics and little change in pulse shape the 1I pulse was delayed to fall within the flat top.

between low and full repetition rates. Even with a As a consequence tha madulator efficiency suffered.

pulse transformer the drive pulse was quite acceptable Therefore, we decided to modify the driver circuit

as long as primary and secondary were at the same to obtain better rise time and efficiency. Again we

reference level and as long as the repetition rate was utilized as -n of the existing power supplies and

below approximately 20,000 pps. At the higher rates other components as possible (FIg. 4). The new cir-

the transformer would not reset sufficiently. Chang- cuit (Model 3) works as follows:

ing to a light link coupling, the necessary high level

amplifier circuitry turned out to be quite bulky and Vl-V8 are 8 parallel tubes (6L&Q6's) bootstrapped

the bootstrap was not capable of supplying the re- to the grid of switch tube V9. They are cutoff

quired charging current, during the interpulse time. A low level pulse gene-
rator at ground level drives a light mitting diode

A now circuit was tried using the existing (L=) for 0.3 As. The light is tramited through

cathode follower and most of the bias and plate a fiber optics bundle to the dock Illuwmting a

supplies but replacing the full width transformer photo transistor. The fiber optics bundle provides

coupling system with one employing separate start and the necessary high volta;e isolation between ground

stop triggers and substituting a mltivibrator for and deck. The photo transistor triggers an IC type

the bootstrap stage. (Fig. 3) monostable multivibrator progried to generate the
necessry pulse width of 2.6 ps. The 5 V output

Briefly, this circuit works as follows: a pulse fr m the mltivibrator is stepped up to a

trigger is fed to the low level pulsar (at ground positive 100 V pulse by a low level tube type Oli-

potential). This pulser produces two output triggers, fier, fed into the grids of Vl-V8 Vich in turn de-

the time separation of which determines the modulator liver a drive pulse to the grid of switch tube V9.
pulse width. The voltage isolating system we used to Clipper tube VIO holds the V9 grid drive at aprx-
couple the triggers from ground level to the driver 1mately zero volts. At the end of the pulse Vl-V8

deck, which site at 41 kVdc nominally, employee small turn off and the grid of V9 returns to cutoff bias.

low coat cmponents and provides enough commo mode
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To minimize klystron voltage changes caused by
power supply variations, we included a regulator cir-
cuit as part of the grid driver. At our operating
voltages, 600 V of bias is sufficient to cut-off the
Y499 tube. The output pulse from the bootstrap stage
rides on top of the bias supply. Therefore by chang-
ing the bias voltage it is possible to vary the switch
tube grid voltage and thereby its drop. The regu-
lator circuit works as follows: A decrease in the dc
voltage is sampled by a voltage divider connected
across the storage capacitor and is fed to the regu-
lator circuit. Its output increases the drive to the
transistor shunting a 100 V bias supply which is con-
nected in series with the main 600 V bias supply.
The total bias is reduced and the V9 grid drive in-
creases, resulting in a decrease in switch tube drop
which coensates for the lower power supply voltage.

Test Results

Figs. 6-10 show pertinent modulator waveforms.
It should be noted that our viewing circuits are not
perfect and introduced some ringing. These photo-
graphs were taken at the final klystron operating
condition%. Because of higher RF gain, the klystron
voltage was set at 33 kV rather than the design value
of 37 kM. Comparing voltage (Fig. 6) and current
(Fig. 8) waveforms, the effect of load capacitance
charging can be clearly observed. At the present,
phase measurements are being performed and therefore
no attempt has yet been made to compensate for droop
or otherwise shape the pulse flat top.

Conclusion

The modulator has worked satisfactorily for over

450 hours. Its reliability has been very good even
though two magnetic components (filter choke and
filament isolation transformer) experienced voltage
breakdown and were redesigned and replaced by the
vendor. There has been talk about increasing the
peek klystron RP power to 500 kW, requiring 50 kV
and 20 A out of the modulator. We are planning to
acc2wlish this using a new RV transformer, a larger
rectifier, a higher voltage filter network and a new
switch tube (Zimac Y676 rated at 75 kV). We should
be able to use the same driver with no modifications
because the Y676 has higher gain and lower input
capacitance.
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Fig. 5 Model 2 Driver. Klystron Pulse Fig. 6 Model 3 Driver. Klystron Pulse.
(shown inverted). Vertical 10 kV/div
Vertical 10 kV/div Horizontal 0.5 "s/div
Horizontal 0.5 " a/div

-
Fig. 7 Modp! 3 Driver. Klystron Pulse Fig. 8 Model 3 Driver. Klystron Current.
Rise Time. Vertical 5 A/div
Vertical 10 kV/div Horizontal 0.5 4s/div
Horizontal 0.2 4s/div

Fig. 9 Model 3 Driver. Switch Tube Grid Fig. 10 Model 3 Driver. Klystron Pulse.
Voltage. Vertical 10 kV/div
Vertical 200 V/div Horizontal 10 ps/div
Horizontal 0.5 "&/dIv

NOTE: ALL PH3YP TAKEN AT 43,500 RWES PER SEC0D.
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Fi.g. 11 Modulator Cabinet Fig. 12 Switch Tube and Driver

Fig- 13 !Clystron Under Teat
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DESIGN AND PERFORMANCE OF THE LAMPF
1-1/4 MW KLYSTRON MODULATOR

Paul J. Tallerico
Robert L. Cady
James D. Doss

University of California
Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87544

Summary which turns on the klystron current. The 100 ka resis-

A design for a very reliable single-triode modula- tor is made of twenty 5-ko wafers; thus, the won$ vol-

tar for a 1-1/4 MI modulating-anode klystron is present- tage of the modulating anode is adjustable in 51 steps.

ed. The operating voltage is 86 kV and the variable One 5-ko wafer may be replaced with a 2-k1 wafer, if it

pulse length ranges from 200 usec to 1.2 msec. The be- is desirable to adjust the voltage in smller steps.

sic modulator circuit, which uses a novel Zener diode This feature is used to compensate for perveance varia-

bias circuit, and several of the individual components tions between klystrons.

are described in detail. Over 140,000 high-voltage The three isolation transformers, the 100-kW resis-

hours have been accumulated on these modulators. The tor and the switch-tube enclosure are the largest compo-

principal failure mechanism is grid emission from the nents in the modulator, which is shown in Fig. 3. The

triode. These failures can be anticipated and repaired transformers required special care in design. The cores

during a normal maintenance period. The triode is then are 12-mtl tape-wound with 11-3/4 in. square windows.

reprocessed end reused. Tube life data and a summary The klystron and triode filament transformers have a

of the failures modes are presented. 2 in. x 2 in. core cross section, while the pulse trans-
former has a 3 in. x 3 in. core. A double Lucite shield

1. Introduction is placed around the primaries to improve the voltage

Forty-four 1-1/4 MW klystrons are used at the Los hold-off capability. The secondary windings form a 3

Alamos Scientific Laboratory, Clinton P. Anderson Meson in. diam bundle to reduce the fields at the secondary

Physics Facility (LANPF), to accelerate protons from surfaces, and copper corona shields are placed around

100 to 800 MeV. the interior of the windows. The 3:1 pulse transformer

The critical requirements which influenced the has 125 turns on its primary and is shown in Fig. 4.
modulator design are the long video pulse length of 1.2 One current transformer is used to monitor the to-
msec and the reliability at the 86 kV operating voltage. tal high voltage current in the modulator. This trans-

Since the proton beam is constantly gaining velocity former is read by the crowbar system. A second current

along the accelefrator, the failure of a single modulator transformer is used to monitor the cathode current in
makes it impossible to accelerate the beam beyond that the klystron. The current transmission through the kly-
rf module. stron can be checked by comparing the voltage developed

The klystron and modulator assebly is shown in across the 0.1 0 collector resistor with the output of

Fig. 1. The entire assembly can be mowid on an airpad the cathode current transformer. A capacitor voltage

by two men. A complete spare klystror module is located divider is attached to the modulating anode to check the
in each of the rf cluster buildings and it takes two output of the modulator.

hours to replace a module. The 10 n resistor in the plate lead of the LPT-44

11. Design Details is used to monitor the triode's plat* current. The duty
factor of the LPT-44 and its dc plate current are moni-

A. Electrical Desian tored by a diode clipping circuit which is in parallel
A single triode is used to switch the potential of with a trip-off meter. The meter shuts off the high

the modulating anode from the cathode potential of -86 voltage supply whenever the duty factor or dc plate
kV to about -10 kV. The basic modulator circuit is curmet exceeds a preset value.
shown in Fig. 2. The triode Is biased slightly beyond 8. The Zener-Diode Bias Circuit

cut-off and driven into saturation by the 250 V drive
pulse through the 3:1 pulse transformer T2. The low The modulator was originally designed with a tet-

end of the 100 kn resistor is thus grounded and the rode as the switch tube. The switch-tube poer trans-
modulating anode voltage Is reduced to a low value, former had three secondaries; the filament supply, the
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screen grid bias and the control grid bias. can usually be ignored, the grid and anode currents

Subsequent calculations showed that the tetrode flowing through the Zener in the "on" mode create a

was driven to its dissipation ratings in this circuit, significant Zener dissipation. In the case of our mod-

In addition, the screen and control grid bias rectifi- ulaLor, these currents reach a peak of approximately 1 A,

ers would sometimes fail when a crowbar occurred. so that the peak Zener dissipation is about 400 W.
These problems were overcome by substituting an LPT-44 Since the duty factor should rarely be higher than 14%,

triode (a lower-voltage version of the ML-8495) for the and since there are actually nine series-connected Zener

tetrode and using a high-power Zener-diode self-bias diodes, the average dissipation per diode is limited to

circuit, which is now discussed in some detail. about 6.2 W.

It can be seen from Fig. 5 that: For application of this method of biasing on higher

egk " es - ez  power modulators, one can overcome the dissipation prob-

Thus, between pulses, when the iviput signal is lem to some extent by the use of "synthetic Zener" cir-

zero: cuitry similar to that shown in Fig. 7.

e gk * eThe total current carried by this circuit is
e wil z (B + 1) times that current carried by the Zener used in

The next figure will show that the Zener voltage the circuit. This means that the transistor dissipation

under zero-drive conditions (as well as with signal pre- is B times that of the Zener, where B is the dc current

sent) is actually the same value as the rated Zener gain of the transistor. Thus, with careful transistor

breakdown potential, E . For proper operation it isZ selection. it is possible to increase the power capabil°
necessary to select E to be the same as the rated cut-z Sty by a factor of (0 + 1) over that of the original
off voltage for the particular vacuum tube under consid- Zener. (The assumption is naturally made that the tran-

eration. A value for Ez that significantly exceeds the sistor has sufficient dissipation capability, i.e.,

rated cutoff potential will increase the requirement

for grid drive power. Our modulator requires nine 45 V t + 
5~z' where is the transistor dissipation ratingand Pz is the Zener rating.)

Zeners in series to produce the proper bias. 
z

General advantages of the Zener self-biasing methodFigure 6 illustrates the method of arriving at a frhg-otg ouaosicue

graphical method for simultaneous solution of the two 1. incraedrlabil det

equatons:. Increased reliability; due to the simplicity of
equatI ons: the circuitry.
1p + t g -k + f(Egk) (Plate voltage is constant) 2. Economy; due to the reduced number of parts,

Iz S g(EZ ) particularly the high-voltage interface power transform-

These curves can be plotted on the same axis, be- er.

cause: 3. Performance; because one does not experience

Iz + I k and Ez . (Egk + a s) the pulse droop problem that is present whenever grid
Te z gi c e icurrents tend to charge the output capacitor in a con-
The Zener characteristic curve is represented by ventional floating bias supply.

the dotted line to the left of the vertical axis for

the case where a - 0. The intersection with the tube C. Mechanical Design

characteristic determines the vacuum tube operating The complete modulator tank is 47 in. x 86 in. and
point with no signal present. The level of cathode and contains about 400 gal of transformer oil. Several of

Zener current on the graph in this area is exaggerated the modulators have operated for three years with no

so that the intersection of the two curves can be clear- maintenance. An oil pump is mounted on the lid of the

ly seen. Whenever as is not zero, the Zener curve must modulator to circulate oil through the LPT-44 anode and

be shifted to the right by an amount equal to the level through a heat exchanger. This heat exchanger is used
of es. For example, the dotted Zener curve to the right to maintain a 100F oil temperature. There is a small

of the vertical axis represents the situation when es  door on each modulator tank lid which may be opened to

has reached a value of Ez + E I the case where the change either the Zener-diode bias board or the switch

grid Is EI volts positive with respect to the cathode. tube without removing oil from the modul- or.

It is important to realize that the voltage across The complete modulator assenily .ighs 7,000 lb.

the Zener diode remains essentially constant during the These modulators are moved over th half mile between
'toff and the conducting modes of vacuum tube opera- the accelerator cluster buildings and a test building

in. While Zener dissipation during the cutoff mode on a large forklift. The modulators are moved within a
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building on airpads. faults in the oil system, 5 were shorted or open connec-

III. Performance and Reliability tions, 3 were Zener diode failures, and 2 were open cir-

cuits in the 100 kQl resistor.
The capacitance of the floating deck and transform- The survival curve for the LPT-44's is plotted in

ers is 500 pF, which limits the rise time to 50 Lsec. Fig. 9. From this curve, an estimate of 7,200 filament

About half of this capacity is associated with the modu- hours can be made for the tube life. Only six LPT-W's

lating anode. This rather long rise time is acceptable have been operated for more than 5,000 h. Thus, the

for our application because the fill time of the accel- life estimate may be modified as more operating hours

erator is a few microseconds. The rf is turned on dur- are accumulated. The life estimate has increased by

ing the video pulse rise to reduce arcing at the kly- 200 h in the past year (66,500 filament hours) of oper-

stron and accelerator rf windows. The droop on the ation.

pulse transformer doesn't affect the output pulse be-

cause the switch tube is driven well into saturation by IV. Summary and Conclusion

the drive pulse. The modulator described in this paper achieves the

Over 140,000 high-voltage hours and 160,000 fila- electrical and reliability goals which are required for

ment hours have been accumulated on these modulators, long-pulse accelerator applications. The size, weight,

The maintenance required is summarized in Fig. 8 where and rise time of the modulator were all increased for

the modulator faults which required operator action are the sake of reliability. The most frequent failure

plotted for the past eleven calendar quarters. The modes can be corrected during the normal accelerator

high-voltage hours are shown as horizontal lines and down-time periods. Thus, no accelerator shutdowns due

the light symbols are faults which were corrected dur- to modulator malfunctions have occurred in the present

ing normal maintenance periods. The present operating calendar year, which includes over 33,000 high-voltage

cycle for LAMPF is twelve days on, followed by nine hours of modulator operation.

days down time. The rf systems are normally checked

two days before each run period and serious faults

which could shut the machine down (shown shaded in Fig.

8) are often corrected during down time. Thus, the

three serious faults in 1973 were all corrected during

the norn41 down time periods.

Excessive leakage current due to grid emission is

the cause for 23 ol the 24 switch tube faults, where a

fault is definad as more than 3 mA leakage at 86 kM.

At 1o. level, enough x rays are produced to be a haz-

ard at the modulator surface, although the plate dissi-

pation rating of the LPT-44 Is not approached. These

tubes are reprocessed by electron-bombarding the grid

with a 200 W, 200 V ac power supply. The average age

of the triodes in service is 2,515 filament hours,
while the average age of the triodes which need grid

processing is 1,884 h. These ages indicate that the

grid emission problem is only evident on a small subset

of the total population. Although some reprocessed tri-

odes are back in service, not enough time has been ac-

cumulated on them to form definite conclusions about

their life.

A total of two switch-tube failures have occurred

in the 140,000 h of modulator operation to date. One

occurred when a filament broke after the modulator was

moved and the other was a grid to filament short after

an attempt at reprocessing the grid.

Of the 16 modulator faults shown in Fig. 8, 6 were
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Fig. 3 Modulator components.

Fig. 1 Klystron and mdulator assembtly.

OK A -SGKV
1

TZ ~C OOE

5159



XLYSTNOH a
2,MODULATOR A _- - - --

20CAUSING

Fig. 5 Grid voltage. 0 0_
5 10 02 J-.

@ A 0 0 a 0 101
a 0 a 0 a 0 10
A A A a

0 A U Al a &0

I1, OR 1 1/71 1173 L/7

CALD"f UARTIVI

Fig. 8 Fault aintenance sumfhry.

0 O R P O I 
N T 

M 

OR

Z0+Z0

Fig. 6 Zmner and switch tube characteristics. a ' LAMP LPT. 44

a,,,

cu 1 / o s o s "n
PERCENT FAA"EI O.SV Fig. 9 Switch tube life.

Fig.7 Zeer cntroled rans0tor

66



TRADEX S-BAND TRANSMITTER MODULATOR

Robert N. Casolaro
RCA Corporation

Government and Commercial Systems
Missile and Surface Radar Division

Moorestown. New Jersey

Summary tube because of a number of advantages pined in its use in a

series modulator:

The TRADEX S-Band transmitter modulator is a direct
series-coupled floating-deck modulator employing three The constant current characteristics of the BST can in
L5097 Beam Switch Tubes (BSTs) in a parallel connection as effect be used to achieve electronic series regulation
the main switch device. The modulator normally operates at to eliminate capacitor voltage droop during a pulse or
a full peak-power level of 15 megawatts and a duty of 0.03 a burst of pulses, achieve ripple reduction, and provide
and delivers a -120 kV, 125-ampere pulse to a VKS8250 regulation against line voltage variations or changes in
Ilystron load. The modulator can generate a wide range of duty cycle.
single-pulse or burst-mode waveforms at various PRFs and
allows for continuous changing of waveform during a mission The constant current characteristic of the BST also
without interruption of data. The constant current character- limits fault current to an arcing RF output tube to
istic of the BST provides flat-top pulses, inherent regulation slightly more than normal. The series tube can be
features and fault current limiting, electronically turned off during the pulse, allowing the

fault current to flow for only a few microseconds.
Introduction Normal pulses can be reapplied to the RF tube as

rapidly as the next pulse repetition rate.

The TRADEX S-Band radar was designed and manufac-
tured by RCA under contract to Lincoln Laboratory. Its prime Other modulator features include the use of fiber optics
function is to track and gather data on re-entering test mis- to couple command pulses to the high-voltage floating deck, a
siles launched from Vandenberg Air Force Base. To this end floating vac-ion system for continuous pumping and monitor-
the radar, including the transmitter and its modulator, was Ing of BST gas pressure, a crowbar circuit employing a four-
designed to provide a high degree of flexibility in the types of high stack of Ignttrons, and an oil system that provides high
waveforms that could be transmitted. The key to this flexibil- voltage insulation as well as cooling for the BSTa and other
ity is the transmitter modulator which Is the subject of this modulator components.
paper.

This paper deals with the principal features and design
The pulse output design requirements of the modulator considerations of the modulator. Actual waveform perform-

are tabulated below: ance will also be presented. -

Pulse voltage 130 kV maximum General Description

Pulse current 140 amps maximum The overall modulator system is depicted in the simpli-
fied block diagram of Figure 1. The High Voltage Power

Pulse duration 3 to 128 microseconds Supply (HVPS) is rated at -160 kV and 6 amperes DC. The
4160 VAC, 3-phase primary is protected by a high-speed

Pulse bursts Up to thirty-two 4-microsecond two-cycle breaker which can be electronically tripped open
pulses spaced 7 to 28 microseconds when the crowbar is fired. The output voltage is controlled
apart (leading edge to leading edge) by an oil-filled tap changer with an induction regulator

vernier control between steps. The output voltage is con-
Pulse pair 10-microsecond pulses spaced trolled over a range of -26 kV to -160 kV. The transformer

13 microseconds dual secondary is a delta in series with a wye to provide a
12-phase output. The silicon rectifier diode stacks are em-

Rise time 1.2 microseconds (10-90% PTS) ployed with a 2.5:1 safety factor on PIV. A 30 H choke is used
at the output of the supply for ripple reduction.

Duty cycle 0.03 maximum
The output of the HVPS is used to charge a 5.0 micro-

Pulse top ripple 0. 1% (during RF pulse) farad energy storage bank. The bank consists of 24 individual
capacitors rated at 3.3 microfarads and 42-1/2 kV, arranged

Pulse-to-pulse 0.02% (including the effects due to In four groups of 6 each in parallel. The four groups are con-
variations mode switching transients) nected in series to obtain a 5 uF. 170 kV rating. A unique

feature of the bank is that the usual fuse protection has been
A hard tube modulator offered the only practical solu- eliminated to obtain a bank with minimum inductance in the

tio. to the required waveform flexibility. A direct series- pulse current loop. Current limiting protection is provided
coupled floating-dock modulator was selected because by using stainless steel connecting bars between individual
smaller pulse top ripple was predictable. The Litton L5097 capacitors in the bank. In the event of a short-circuit failure
Beam Switch Tube (SIT) was selected as the series switch of one capacitor, the dump current from the remaining
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3- LOs7 OSS are thoroughly shielded; balanced circuitry is used through-

results in an effective, trouble-free system.

30 VKSShO0 A physical description of the modulator system is bestfacilitated with aid of several photographs of actual equip-ment. Figure 2 is an overall view of the modulator tank. On
)-l the left the VKS8250 klystron Is seen sitting in Its focus coil

with its cathode extending into the oil tank below. The larjer
section of the oil tank on the right is where the main modula-
tor is housed, including the BSTs. The portholes on the sidemake it possible to view the klystron and BST filament voltage,

PULSE- PULSR BST bias voltage, and mod anode power supply voltage. The

tank measures 4-1/2 feet wide, 11 feet long, and 4-1/2 feet
high; it holds 1100 gallons of oil.

MV L.INK

Figure 1. TRADEX Modulator Block Diagram

parallel capacitors is limited by the resistance of the stain-
less steel. this limitation prevents the rupture of the faulted
can.

Crowbar protection is provided to protect both the liSTs.
and the VKS8250 klystron in the event the BeTs arc through.
Four 50 kV GL37248 ignitrons are stacked in series to obtain
a crowbar capable of normal operation at the 160 kV level.
DC power for the floating trigger and holding anode circuits (j"
is derived from the main HVPS. The heater for all four igni-
trons is at ground potential and the heat Is directed at the -
individual anodes via a high-voltage isolating heat duct. The
crowbar is kept in continuous conduction when fired by main-
taining voltage on the holding anode until sufficient follow-on
HVPS current flows.

The key element in the modu'stor system is the L5097
Beam Switch Tubes (BST). Three tubes in parallel are neces- Figure 2. TRADEX Modulator Oil Tank
sary to provide the total peak current and dissipation capa-
bility. The three tubes act as three parallel switches which.
when closed, apply voltage to the cathode of the VKS8250 kly- Figure 3 shows a top view of the high-voltage floating
stron. Each arm of the switch or L5097 BST carries approxi- deck sitting in the oil tank. The three BSTs are seen with
mately 1/3 of the total current. Each BST tube current is their Interconnecting cooling lines. On top of each BST are
controlled by the magnitude of voltage applied between their corona rings protecting the floating metering circuits of the
modulating anode and cathode. The three BST mod anodes are vac-ion pumps. On the right side of the photo are the "on"
connected in parallel (except for isolating resistors) and and "off" pulsers covered by corona-shielded enclosures.
driven from a single "on" pulser. Approximately 12 kV is The corona cover for the "on/off" mod anode pulser power
applied to the mod anode of the three BSTs to turn them "on" supply is seen in the lower part of the picture. Completely
at full operating current level. The BSTs are turned "off" by surrounding the HV deck is a corona shroud. At the top of the
removing voltage from their mod anode. To accomplish this photo are the KV isolation power transformer and the isola-
rapidly the "off" pulser ts pulsed into conduction to discharge tion klystron filament transformer and its DC supply.
the stray and mod anode capacity which was charged to the
12 kV during the "on" pulse. The "on" pulse is controlled by FIgure 4 io a closeup photo of either the "on" or "off"
a gate equal in duration to the desired video pulse width to be pulser, its protective cover corona shields, and the optical
applied to the VKS8250 klystron. The "off" pulser is activated transmitter and receiver with interconnecting fiber-optic
by a shorter pulse derived from the trailing edge of the "on" link of the KV isolation pulse control system.
gate. The duration of this shorter "off" pulse is commensurate
with the discharge time of the mod anode voltage. Figure 5 shows the overall crowbar. The lowest section

is at the highest negative voltage, with the top section at
The "on" gate is coupled to the lV floating deck from ground potential. The mechanical design allows for the ddit-

ground-level circuitry via a length of fiber optics. All cir- tion or deletion of sections to realise crowbar of different
cuitry and amplifiers associated with these low-level signals voltage ratings. Dimensionally the coron toroids are 28
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Figure 3. Modulator Deck - Top View

Figure 5. TRADEX Crowbar

advantage to achieve flat pulses and the inherent regulation
features of the BST. The transfer characteristics of the
L5097 BST are shown in Figure 6. The main point of interest
in the BST characteristics is their good approximation to
constant current curves. Once above the well-defined knee,
the collector current becomes independent of the collector
voltage. The BST can therefore control the current in the
klystron load by operating above the BST knee and keeping
the mod anode voltage constant. This technique, in effect,
achieves series electronic regulation of the HVPS.

To fully realize the regulation benefits of the BST it is
necessary to operate well enough above the knee of the curve

* to take into account:

1. capacitance droop which is approximately 3.2 kV
at full peak current and the widest pulse width.

2. 4160 V AC line voltage regulation which Is +1/2%
or results in a DC variation of +700 V DC.

Figure 4. "On-OW'" Pulser Components
3. duty cycle regulation. By controlling the duty

changes, the voltage regulation is held to less
inches in diameter separated by 14 inches. The overall than I kV.
height of the crowbar is approximately 8 feet including the
bottom 3 foot insulator. No4oad to full-load regulation of the HVPS would result

in 11. 9 kV voltage variation. Establishing an operation point
Modulator Design Consideratlons this far above the knee of the curve would present a problem

of BST over-dissipation. A stringent requirement of the

Establishina the BOT Operatins Point transmitter is to maintain coherent phase relationships
while continuously switching waveforms of different duty.

The modulator design is controlled by the character- The effect of these step changes in duty is to put the HVPS
Isties of the L5097 BT which are utilized to their best voltage In a continuous transient state. Were these voltage

63

__ _ .- .boom= -.



50- 
M'1.K

% -

5o[ /o 1vumo ,.,,.Z.y*)T
PERATI0. "PM TS O 9MATrpif

.-.,,,EM A' - 1- 8 eXV

START OF PULSE -cO- ) ,sIel2
ENO OF PULSE -1(. - , w u,, m,

WITH LOW REGULATION EMA' 9.9KV -140V 6II31111

("M VOLTAKME ~ muusu

ONI IIII I I 0 COLLECMO CUREN

Figure 7. BST Disesipation Analysis

0 10 20 30 40 50 60 operating at the widest pulse width, 3.2 kV droop results in
COLLECTOR VOLTAGE (KVI a reduction of greater than 5 kW in BST dissipation.

Figure 6. BST Collector Current vs Collector Voltage BST Reduction of Power Supply Variations

In the region of the normal operating point, the dynamic
transients passed on to the klystron, the resultant phase impedance of the L5097 is less thn infinite and it is there-
pushing would be intolerable. The regulation of the series fore not a perfect constant current source. Typical dynamic
BSTs helps tremendously in reducing these HVPS transients, impedance of the L5097 is 75 K ohms. or for three tubes in
but it alone is insufficient for the tight phase control desired, parallel the combined dynamic impedance is 25 K ohms. To
With the aid of computer circuit performance analysis, a this extent the regulation of the series BST is less than per-
duty cycle balancing technique was derived to minimize these fect, as a small percentage of variations in power supply
HVPS transients to within a I kV limit. The technique em- voltage will be seen at the cathode of the klystron load. The
ployed involves filling in additional pulses or widening the reduction factor is approximately the ratio of the klystron
video pulses for lower duty modes, dynamic impedance to that of the three BSTs. The idystron

dynamic impedance is dV/dl where the relationship between
For typical full-power operating parameters of the V and Its:

VKS8250 (120 kV and 125 amperes), each BST will provide 3/2
41.7 amperes. The tube drop at 41.7 amperes is Just under I K3
12 kV. Allowing another 5 kV for regulation and capacitance dV 2 k-I v-1/2
droop, the minimum operating tube drop of the BST is estab- aId: -- -

dI 3lished at 17 kV. The required minimum BST collector voltage
is therefore 137 kV. Tn practice the BST collector voltage is for: K = 3 (106)
set at no more than 140 kV for full power operation. The
HVPS voltage is set 5 kV higher (145 kV) to allow for the M and: V , 120 kV operating voltage
drop across the series 40 ohms. If the power supply voltage
is set too low. a discontinuity will first be observed at the dV 2 106 1-1/2
end of the pulse where capacitance voltage droop brings the • - [120 (10)] - 641.5 ohms
operating point through the knee region. If the supply voltage 3

is set high. the 90 kW (30 kW per tube) dissipation rating of The reduction factor is therefore:
the BSTs is approached.

BST Dissipation RF - Z k
-1 - 64..5 - 0.0257
ZBT  25 K

BST dissipation can best be determined using a

straight-line approximation of the actual voltage and current
waveforms. These waveforms are shown in Figure 7 together Capacitor voltage droop of 3.2 kV is reduced to
with BST dissipation calculations during the rise time and 82 (0.0257 x 3.2 kV) volts klystron cathode voltage droop, or
flat portion of the pulse. Note that the rise time is broken a droop of 0.07%. The 1.7 kV line plus duty cycle HVPS
into two segments to more closely approximate the actual voltage regulation is reduced to 44 (0. 0257 x 1. 7 kV) volts.
waveforms. The dissipation is calculated as the product of or 0.04% klystron cathode voltage regulation. HVPS ripple of
the average voltage tube drop and average current, and the 0.25% Is reduced to less than 0.01% (0. 0257 x 0.25%) klystron
duty cycle of an equivalent pulse during each time segment. cathode pulse-to-pulse voltage variation.
The result is 85.4 kW which is just below the 90 kW dissipa-
tion limit. The analysis is conservative since It does not take
into account power supply capacitance voltage droop. When
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Contribution of Md Anode Voltage Variation to Klystron To charge this capacitance from a constant current source
Voltage Variations in 0 .2As requires a charging current of:

The Klystron cathode voltage variations given above are Ems (Cin) (2)(103)(380)(1012
due only to HVPS voltage variations. Variations in BST mod Rise Time 0.2 (10-0)
anode voltage contribute directly to klystron voltage varia-
tions as can be seen from the following relationships: I 22.8 amperes

ys - IBSTs To accomplish this, four Y543 tubes (4PR60 procured
to a tighter control specification) in parallel were selected

3/2 for the mod anode "on" pulser. A simplified schematic of thekly, -~Kl ) "on" pulser is shown in Figure 8. The Y543 tube selection
/2 was based on low cost and ease of driving from a solid-state

IBST  K (V )3 grid pulser. The four Y543 tubes readily supply more than

K2  2/3 20 amperes charging current during the pulse rise time with

V -- K V 0 grid voltage and 1250 V screen volts. During the flat por-
lys K1  ma 3 ma tion of the pulse, the Y543s supply a mod anode intercept

current of less than 0.3 ampere (0.1 per tube) and the tube
At the operating point. K3 is approximately 10.8. drop is reduced to a few volts. To prevent over-dissipation

the screen voltage is supplied from a soft line, allowing the
Because of this direct relationship, a percentage change screen voltage to drop to a safe level during the pulse. During
Bdaude vthe rise time of the pulse when there is a peak current de-

in mood anode voltage yields the same percentage change in

klystron voltage. Therefore, to hold the klystron pulse-to- mand, the voltage is held up by a small capacitance In the
pulse cathode voltage variations to the specified 0.02%, the output of the screen supply.

mod anode pulse-to-pulse voltage variation is held to the re-
maining 0.01%. This is readily accomplished with electronic
regulation of the 14 kV mod anode power supply. The droop TO
and regulation of the BST mod anode voltage must likewise be Dry 4

controlled because of their direct effect on klystron cathode 1!43. Ifo 29OVo
voltage. The electronically regulated mod anode power supply X too
is regulated to lees than 0.01%. The droop in the burst mode G"60
is controlled to 2.2% by a 0.5 microfarad capacitor at the IONo
output of the supply. The addition of these variations to kly-
stron cathode voltage brings the total cathode voltage varia- 0250v)
tion to: -- 3-4.90W

Percent droop - HVPS contribution + MA contribution or
(burst mode) " H*VPS

- 0.1%+2.2% = 2.3% DIE
PULSE

Percent - HVPS contributions + MA contributions
regulation

. 0.04% + 0.01% = 0.05% Figure 8. VST Modulating Anode "On-Off"
Pulser Schematic

Percent ripple - HVPS contribution + MA contribution

= 0.01% + 0.01% - 0.02% Each grid modulator consists of a pair of DTS804 high
voltage transistors in an "on/off" circuit arrangement which

BST Mod Anode "On" and "Off" Pulser Design Criteria swings the Y543 grids between 0 and a -600 volt bias level.

The mod anode voltage rise time, if not held small, Performance Review
could limit the rise time of the klystron cathode voltage. A

mod anode voltage rise time of 0.2 ps was selected as com- A series of oscilloscope photos of the different wave-
ps tib).6 with a klystron cathode voltage rise time requirement forms exemplify the performance of the modulator. All the
of 1 .2 go. The "on" pulser switch tube requirement can be pictures are taken at the same operating level, which is
calculated from the Input capacitance of the L5097. The input typical of the normal field operation. Peak current is set at
capacitance is determined from: approximately 105 which is 84% of normal full-power opera-

tion. Power supply voltage is 130 kV versus a normal full
CIn . ¢ma-k + Ccol-ma (I + g) level of 140 kV.

- 85 pf + 3.5 pf (1 + 10.8) Figures 9, 10, and 11 show the individual BST pulse
currents. Note that the balance is good; this has been the

C - 126.3 pf general experience with all tubes tested. The very flat pulse
In is also noted.

or for three BSTs in parallel:
Figure 12 is of the klystron cathode voltage and current.

Cin (total) - 380 pf The voltage droop is duo to the capacitor divider viewing
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IJ ICA/cm lirrei  closely c a

BST #I Ic- nm
E 8- 130 KV 1 Q s 30 KVMTI -2"/I

Figure 9. BST Collector Current No. I Waveform Figure 12. KMystron Cathode Voltage and Current Waveform

~Figure 13 shows the klystron cathode current for a

pulse pair mode. 'Me pulses are closely spaced just about at

their limit of 3;s. The second pulse in this case Is wider
than the first to balance duty cycle. The RF pulses used are
the same width.

Ik-- 30A/cm

E =130 KV WD -1pe Ica

Figure 10. BST Collector Current No. 2 Waveform

m30 "V

38T #3 Ic - Figure 13. lystron Cathode Current - Pulse Pair
Made Wavefors

Figures it and 15 show an overlay of the third and
thirty-second klystron current pulse of a burst mode, differ-
ing respectively in pulse spacing of 28 os and 7 gs. For the
wider spacing the overlay is nearly perfect. For the narrow
spacing the thirty-second pulse shows the effect of mod

E anode voltage power supply droop where interspace timing is
PRF m 1000 not long enough to aid in recharging the capacitor.

Figure 16 shows the negligible transient when switching
Figure 11. BST Collector Current No. 3 Waveform between burst and chirp mode of operation. For this case.

three fill-in pulses are added after each burst for duty cycle
circuit since the cathode voltage is as flat as the current balancing.
pulse. The curret front-end ripple, which was not present
In the prior BOT current waveforms, Is caused by deck L$097 BT ExperIenoe
capacity current. The ringing is Initiated by a 5 kV step in
deck voltage due to the E drop across the series 40 ohms During the development phase, a number of problems
in the pulse current loop. The klystrcn cathode viewing had to be solved to bring the tube to Ift present mate. Two
transformer is located on the power supply side of the MeTs of these problems were high voltage phenomein and were re-
and therefore includes deck capacity cu.rent. ferred to as "ticking" and "burning." The "ticking" was small
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ODE (28 psec SPACING) to a tube arc. Both of these problems have now been con-
E trolled using a high-resistanoe insulator coating and an

k OA/cm i  asymmetric geometry between the collector and shield insu-
lator region. Litton reports that there to still a tendency for

. D AND 2ND LSE burning to occur following a severe tube arc although this
has not been a TRADEX experience. TRADEX uses resistors
between shield and cathode which act to limit fault arc cur-
rent and thereby suppress the tendency for burning to occur.

A third development problem was cathode stbility.
This was solved by replacing the passive nickel cathode with
an activated nickel.

About 30 switch tubes have been delivered to a number

of customers during the past year with a very high yield and

30 KV'M TM I. is/cm no exceptions to specifications.

Of seven full power tubes delivered to TRADEX, only
Figure 14. Klystron Cathode Current - Burst Mode Third four have been used significantly; these have accumulated a

and Thirty-Second Pulse Comparison (28 go Spacing) total of 4406 hours with no failures. The maximum, hours cn
any one tube to date is 1722 hours.

'.1$ :VOE f 7 ,sec SPACIN:G
fEarly development tubes which were procured as half-

power tubes produced three failures; it is noted that the
solution to the problems previously discussed had not been

3RD AND 32ND PULSE ineorporated into these early tubes.
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= 130 KV TIM 1 ss/cn

Figure 15. Klystron Cathode Current - Burst Mode Third
and Thirty-Second Pulse Comparison (7 p Spacing)

BSTMODE ( 7 psee SPACING)

iks c LRS/HR MLX.

E 1 30 KV TIM - 5os/cm '

Figure 16. Klystron Cathode Current - Burst and Chirp
Mode Switching Transient

spor ic impulses of tube current during the Intorpuls
period. The 'burning" phenomena appeared as an oscillation
which sometimes intsrferod with low-level circuitry or led
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AEGIS AN/SPY-I CFA CONSTANT-CURRENT HARD-TUBE MODULATOR

K. M. Smalley

Raytheon Company, Wayland, Massachusetts

Summary

This paper describes a modulator employing four The final amplifiers consist of two cabinets, each
switch tubes each supplying a crossed-field ampli- containing 16 Varian SFD-261 CFA's and four modu-
fier tube operating at 13 KV and 22 amperes peak. lators. The tubes are arranged in groups of four
Separate modified 4CX5000Rtetrode switch tubes for and share a common modulator and high voltage
each CFA, operating in the constant-current mode, power supply. Each CFA is mounted in a slide-
allow a 25:1 reduction in the size of the filter ca- out drawer for maintenance.
pacitor bank required to limit droop and ripple. Con-
stant-current operation also permits an individual This paper describes the CFA modulators used in
CFA to arc without affecting operation of the other the driver portion of the driver/pre-driver cabinets
three CFA's. Continued arcing of a CFA causes a and the final amplifiers.
circuit to close a vacuum relay, shorting out the
malfunctioning CFA until it can be replaced, still Transmitter Block Diagram
without shutting down the modulator. Only one
switch tube driver employing paralleled 4CPXZ50K Figure #1 shows a basic block diagram of all the CFA
tetrodes Is required, as a tapped zener string modulators in the transmitter and their high voltage
allows individual setting of switch tube grid drive connections to the high voltage power supplies.
voltages. No floating power supplies are required, There are eight driver CFA's, and 32 final CFA's.as the zener string and the switch tube driver screen The even-numbered power supplies on this diagram
and grid-bias voltages are obtained from the bleeder each have a single output going to a final modulator
for the switch tube bias supply. Other features of this which supplies four CFA's. The odd-numered
compact modulator are a shunt clamp regulator power supplies have an additional output going to a
with switch tube screen voltage compensation, auto- driver modulator which supplies two CFA's. Driver
matic switch tube driver current reduction after pulse No. 4 is a spare which normally is not pulsed unless
risetimes, pulse-width limiting, and remote location there is a failure in one of the other three driver
of HVPS filter banks. cabinets. Thus four of the power supplies have a

50% greater load than the other four. However, in
AEGIS SPY-1 TRANSMITTER order that all high voltage power supplies be inter-

changeable, they are identical and designed to
Aegis is being developed by RCA for the Navy as a power modulators supplying a total of six CFA's.
sophisticated electronic response to anti-shipping
threats from manned aircraft, air-to-surface Modulators - Basic Elements
missiles, and - to a slightly lesser extent - undersea
missiles during the late 1970's and 1980's. The Figure #2 is a diagram of the basic elements of a
system is designed to integrate target detection and driver and final modulator, together with the high
tracking, command-decision and weapons control voltage interconnections with a high voltage power
processes to afford fast reaction and massive, supply. The 12 microfarad storage capacitor In the
accurate firepower for fleet protection. HVPS supplies the pulse current for all six CFA's.

The AN/SPY-I radar system, the major element of Separate high voltage relays are used in each out-The is rada coempute orlle nd put line so that maintenance operations may be per-the weapon system is a computer-controlled, S-band formed on either a driver or a final modulator
multi-function phased-array system capable of without necessitating that its associated HVoS be
automatically searching, detecting and tracking mul- shut down. The high voltage relays may be opened
tiple targets at long range. The SPY-i radar also while the HVPS i on, provladng that the associated
provides automatic transition to a fire-control modulator Is not pulsing, but may not be closed
quality track and provides mid-course command without shutting down the HVPS, as excessive surgeguidance to semi-active homing interceptor missiles, currents would be drawn by the modulators to charge

The SPY-I radar transmitter equipment developed by up the local 0. 1 microfarad storage capacitors
Raytheon under subcontract to RCA includes eight reused at each modulator. These capacitors are

used to supply current through the switch tubes to
high-voltage power supply cabinets, an input ampli, the CFA's during the rise time and initial portion
fier consisting of two redundant low-power TWT am- of each pulse, and limit the voltage excursions on
plifiers. four cabinets housing driver/pre-driver the switch tube cathodes during this time to less
units and two cabinets housing the final power am- than 200 volts.
plifiers.

As can be seen In the diagram, each of the modu-Redundancy and load-sharing are implemented through- lators contains only a single switch tube driver to
out to insure system reliability. The redundant low - drive two or four switch tubes. The modulators In
power TWT's are both operated continuously, one driver cabinets have essentially the same circuitry
on line and the other as a standby that feeds a dummy as used in the final cabinets except for the number of
load. The driver/pre-drivers, each containing two CFA's that they can drive. In fact, the switch tube
TWT/CFA channels, are provided with automatic driver units and the power supplies for the same
switching. Three cabinets are required in operation, are identical, both electrically and physically. The
and the fourth is in a ready state. If any one of the descriptions which follow apply to a final modulator,
three becomes inoperative, the fourth is auto- which supplies four CFA's.
matically switched in via activation of video triggers.

68

.. . . - ,, .- -- -- -------



While the circuitry is the same in both modulators, the 23 amps to 27 amps + 1 ampere. This provides a
CPA's used in the driver operate at a pulse current dynamic resistance of 1500 ohms + 2501.
one ampere greater than the CPA's used in the final.
The currents in the switch tube are nominally one At the normal maximum holdoff o a d I t I o n s o f

ampere greater than the specified minimum CPA Eb = +20 kVdc, Ec2 = +1250 Vdc, and EcI = -680 Vdc,
pulse currents, due to the currents drawn by the the anode current is specified not to exceed 3 ma.
modulator tailbiter resistors and to allow for This ensures minimum wasted power dissipated in
tolerances in HVPS voltages, the switch tube during the interpulse-period.

;ince the dynamic resistance of the CFA is approx-
Final Modulator Specficationis and Capabilities imately 60 ohms, high voltage power supply

150(1
CFA pulse voltage 13 KV nom. variations and droop are reduced by 7ror
CPA pulse current 22 a nom. 25 :1, assuming constant switch tube control-grid
CFA voltage rise time 200 nsec.max. and screen-grid voltages.
CPA voltage fall time 6 ssec. max.

CFA current rise time 100 nsec. max. Only the secondary winding of TI that is used to
CFA current fail time 100 nsec. max. power the filament of one switch tube is shown. TI
CPA dynamic resistance 60 ohms nom. is actually a 3 0 high voltage isolation transformer
CPA and stray capacitance 140 pf approx. used not only to provide filament power to the four
Switch tube current into short circuit 32 a approx. switch tubes at modulator deck level, but also to
Switch tube voltage drop 2 KV min. provide line power for all the power supplies used
Switch tube holdoff voltage 25 KV sin. in the modulator at high voltage deck level. This
Preheat time 30 sec. min. transformer has eight high-current secondary term-

inals, two for each of the four 75 ampere filament

Modulator Output Stage loads. In addition, it has four other secondary term-
inals. It requires only four low-current primary

Figure 3 shows a simplified schematic of the modu- terminals for the 3 ( leads and a cabinet ground
lator output stage associated with one switch tube connection. To minimize the number of high-

and one CPA. All portions of the circuit except voltage terminals required, and especially to
RI and CI are repeated four times in each modulator. eliminate the need for high-voltage, high-current

bushings on the transformer, it was decided to

The switch tube, VI Is a modified water-cooled ver- mount the transformer on the high voltage deck.
slion of the 4CX5000R and the modifications consisted
primarily of adding a water jacket for high-pressure C4 and CS are pulse bypass capacitors for the fila-

water cooling and increasing the grid-to-screen ment windings of the transformer.
ceramic height from 1.0 to 1.8 inches in order to
obtain increased voltage creep distance. Tests Cl provides pulse current for the rise-time and
have shown this tube to have internal voltage holdoff initial portions of each pulse !or all four switch tubes.

capabilities in excess of 50 kV. it has a unipotential RI is used for current-limiting and to dampen mod-
mesh cathode allowing use of a. c. on the filaments. ulator deck ringing.
It has the following maximum ratings in this
application: RZ, R4, and C2 (which is actually made up of four

500 pf capacitors mounted around the periphery of

Anode dissipation 6 kW the switch-tube socket) are used to prevent UHF

Anode current 28 Amps peak and VHF parasitic oscillations.

Anode voltage +28 kVdc El is a 2000 volt spark-gap used to prevent damage
Screen voltage + 1.S kVdc to the modulator driving circuits and power supplies

in the event of an arc within or on the external sur-

Control grid bias voltage - 1.0 kVdc face of a switch tube. Should such an arc occur, and
Duty cycle 0.01 not self-extinguish, thereby loading down the screen

power supply, an overload circuit is included in the

At the pulsing condition of Eb = +2 kVdc, supply to interrupt primary power to the screen

Ec2 = +1250Vdc, and Ec = -680Vdc, the limits for supply power transformer for a sufficient period of
time for the fault to clear. The circuit is self-

ib =24 amps peak (the driver modulator switch tube resetting.
current) are as follows:

e k a +215 volts peak + 30 volts. C3 is the pulse storage capacitor for the switch tube
screen circuit and R3 is used to isolate it from the

1 = 0. 5 amperes peak maximum screen power supply.
cl

ic2 * 0 to 2. 2 amperes peak maximum R5 is used to limit the current through the switch
tube and the CFA to less than 4000 amperes should
there be an arc in both devices simultaneously.

For ib 2 23 amps (the final modulator switch tube
current). Ogk is approximately 20 volts below that TZ is a pulse current-viewing transformer used for

for 24 amps. the fault circuits provided to sense excessive pulse
and average CPA currents.

There is also a requirement that under the final pul-
sing condition. if the anode voltage is Increased from K1 is a high-voltage vacuum relay used to short out
2kV to 8kV, the anode current shall increase from a CFA in the event of excessive CFA arcing. When

this relay is de-energised, shorting the anode of
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the CFA to ground, the associated switch tube essen- Power for the anode of VI is provided by the +1250
tially runs into a short-circuit. However, because Vdc power supply. All other necessary voltages,
of the high dynamic resistance of the switch tube, the with the exception of the clamp supply, are provided
current into the short-circuit Is limited to only about by the -1000 Vdc power supply, either directly or
30 amperes. There is no appreciable effect on the by means of bleeders and zoner diodes.
other switch tubes powered by the same switch tube
driver and screen power supply. The switch tube During the interpulse periods, current flows from
anode dissipation rating is sufficient to operate into a ground through CRI, RZ, VRI through VRI, VRI 1,
short-circuit at full duty cycle for a sustained period and RI. The current amplitude is:
of time.

1000V - 1 ' .V - 180V
This feature can also be used to replace a defective AWK736K += COma.
CFA without necessitating shutdown of the HVPS
or the modulator. When it becomes necessary to The current through R2 and C13 in parallel charges
replace a CFA, a manual control is used to de- C13 to the +760 volt screen voltage required by VI.
energize KI, the door for the respective CFA Is
opened at the front of the cabinet causing an additional The current through VRI through VRIO In parallel
protective shorting-bar to drop on the CFA cathode with Cl through CIO charges each of the capacitors
line. up to 5.6 volts.

R6 is used as a tailbiter resistor to dissipate the The current through VRII provides -180 V grid bias
energy in the stray capacitances, shown as Co, at for VI.
the end of each pulse. R7 is a sampling resistor
used In the ground return of the tailbiter resistor Rl is used to complete the current path and also as
to provide a sample of the CFA voltage pulse for the a grid-bias return resistor for the grids of the four
wide-pulse and CFA arc fault circuits, switch tubes connected to the outputs of the driver.

It has a 40 volt drop during interpulse periods.
Switch-Tabo Driver CII is the storage capacitor used to supply current

Figure 4 is a simplified schematic of the switch tube to R1 during pulse-time. C12 supplies pulse current
driver used to drive the control-grids of the four to Vl during pulse-time.
switch tubes in one modulator. RS in parallel with CIS reduce the control-grid and

VI and VZ are the driver and tallbiter tubes, respec- screen-grid voltages of V1 after the rise-time of
tively. For simplicity, these are shown as single each pulse. This results in a considerable re-
tubes on this schematic. However, two tubes are used duction of anode power dissipated in VI.
in each of these stages to obtain adequate drive vol-
tage rise and fall times while charging and discharging CRI becowins reverse-biased during pulse-time
the approximate 600 picofarad load (120 picofarads so that there Is no leakage to ground of the
per switch tube grid-to-cathode plus 120 picofarads voltage on C13 during pulse-time.
miscellaneous circuit capacitance). The tubes are
Emac 4CPX25OK's which have the following sig- TI and TZ are the pulse transformers for the grids
nificant features in this application: of the driver and tailbiter tubes, respectively.

An essential requirement for TI was low primary
Air-cooled, radial beam tetrode to secondary capacitance, as the secondary wind-

ing takes an excursion of close to 1000 volts
Designed specifically for pulse between interpulse-time and pulse-time. Excessive
applications capacitance requires extra driving current from the
Covered by military specification transistor supplying TI.
MIL-E -1/1670 CR2 is the clamp diode to hold the bottom of the
Have high use (10, 000 sockets in string of zener diodes to the regulated clamp
the FPS-85 radar) voltage.
Low heater power (15 watts) C14 is the clamp storage capacitor. Its value was
Low input capacitance (14 pf) selected large enough to limit the increase in
Small size voltage during the longest pulse to an acceptablevalue, as the clamp regulator current capability
Light weight and response time were not designed for intrapulse

High anode voltage ratings regulation.
(7000 volts) R3 is a sampling resistor for clamp current to pro-
Fast cathode warm-up time (30 nec) vide a voltage to the modulator fault circuit. VRIZ
Low drive voltage requirements limits the amplitude of this voltage to 6.8 volts.
(200 volts) VR13 is used to provide grid bias voltage for theLow drive current requirements tailbiter tube, VZ. Note that 740 volts screen(zero) voltage for VZ is provided by connecting the screen

Moderate cost to deck ground.

Long-life (4000 hr. service-life CIS is a pulse storage capacitor to supply current for
guarantee in FPS-8S radar), the tailbiter tube at the end of each pulse. (
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R4 is used as a bleeder for CIS and also to complete Fault Circuits
the current path for VR13.

The modulators contain the following video and dc
Connecting the anode of the tailbiter, V2 to the screen fault circuits for protection and malfunction in-
of the driver tube, VI results in a faster fall time dication:
for the driver over that obtained with it connected to
the cathode, due to the additional 7Z0 volts applied A peak current fault circuit senses excessive pulse
to the anode of VZ. currentwhich might occur should there be simul-

taneous arcs in both the switch tube and the CPA.
The filaments of both VI and V2 are supplied by a dual The threshold of this circuit is a pulse current of
winding transformer, with the winding for VI having greatar than 50 amperes occurring for greater
low capacitance to the core and the other winding, than I ."sec.

A detailed discussion of the low-level circuits between An averaae current fault circuit senses excessive
the "start" and "stop" trigger signals supplied to the average current which might occur due to a mal-
modulator deck by transformers from ground level function in the modulator drive circuits causing
and the driving signals supplied to TI and TZ will operation at an excessive duty cycle. The thresh-
not be included. The solid-state circuits are con- hold of this circuit is 200 ma.
ventional and Include pulse-width limiting to pre-
vent excessive modulator pulse width in the event A wide- ulse fault circuit senses excessive pulse
of a missing "stop" pulse. width of Ithe CFA voltage pulse which might occur due

to a malfunction in the modulator drive circuits,

Clamp Regulator switch tube bias failure, or a shorted switch tube.
Since this circuit senses voltage, not current, it can

The clamp regulator is used to discharge the excess be used to detect these types of faults even prior to

energy stored in the clamp capacitor during each pulsing operation. A current sensing circuit would

pulse. Since it is used as a current sink, a shunt require that rf drive pulses be applied to the input

regulator is used to minimize power requirements. to the CPA in order that the CPA draw current. The

It has a programming feature that allows the clamp threshold of this circuit is a CPA pulse voltage of

voltage to vary In a selected proportionality to a greater than 10 KV occurring for Z0 "sac longer

change in switch tube screen voltage. It requires than the longest normal pulse.

only a +15 volt power supply and a small amount of A CPA arcfault circuit senses that the pulse im-
current from the +1250 volt screen supply as a "keep- pedance of the load on the switch-tube is below a
alive" for the regulator during non-pulsing conditions, normal level, which would occur when a CFA arcs.
It consists essentially of a compensated voltage- The threshold of this circuit is the condition when the
divider, reference, differentiAl-amplifier, level- sum of the CPA pulse current
translator, driver stage, and the shunt power Z3
transistor. 23

and the CPA pulse otage is greater than 0.5. Note
Figure 5 is a complete schematic of the regulator. 13KV
The compensated voltage-divider consists of RI, here that the polarity of CPA pulse current is poe-
Cl, RZ, CZ, R3, C3, and R4 and has a nominal itive and the polarity of CPA pulse current is nega-
ratio of approximately 1:37 for input to the differ- tive.
ential-anplifier versus regulated output voltage.
R16 is used to couple in a variable amount of feed- A modulator 2ower sMU fault circuit senses failure
back into R3 from the +1250 volt power supply. With of the +15V, +200V, +I2SOV, or clamp regulator
the potentiometer set fully counterclockwise, var- power supply voltages. A sample of each of these
lations In the +1250 volt power supply will not affect supply voltages is applied to a summing circuit which
the output voltage of the clamp regulator. senses failure of any one or more of these voltages.

VRI is the precision voltage-reference for the reg- A modulator fault circuit senseq the absence of clamp
ulator. R4 and R8 are used to make the impedance* current into the clamp capacitor during any modulator
of the reference and the output of the voltage-divider pulse. This fault circuit employs a bistable multi-
approximately equal for temperature stability of the vibrator which is triggered by the "on" trigger to
regulator. the modulator low level circuits at the high voltage

deck level. A signal generated by the clamp current
The reference and divider output signals are compared resets this bistable within a fraction of a micro-
in the differential -amplifier QI, the output of which is second later, with a properly functioning modulator.
applied to the level translator Q2, which drives the
emitter-follower stage Q3. A peM curren faut or a wide pulse fault requires

immediate removal of energy 7romthe circuit and

The shunt dissipating elements consist of Q4 in a thus when either of these faults is detected, a
series with VRZ. VR3 is used to prevent excessive trigger signal is sent to the crowbar to divert energy
voltage from appearing across 04 in the event of from the fault within S microseconds. A recycle
malfunctions in other portions of the circuit. circuit is included in the high voltage power supply

to turn high voltage back on again within 0. S seconds
after one of these faults. Should three of these faults
occur within a 60 second period, recycling will not
take place, and the high voltage power supply must
be reset manually.
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An averlae current fault causes modulator trigger
signals to be inhibited and the high voltage power
supply prime power contactor to be opened, but the
crowbar is not fired. Reset after a fault must be done
manually. D

Sensing of a single CFA arc fault simply causes a
lamp indicator on the front panel of the cabinet to
come on for a period of approximately 10 seconds.
Should 3 or more CFA arcs be sensed within a
period of 60 seconds, the ftult circuit causes the
high voltage vacuum relay to be de-energized, thus
shorting out the defective CFA. However, this
vacuum relay Is not capable of interrupting pulse
currents without damage to the relay. Thus simul-
taneous with de-energizing the coil circuit of the M
relay, the fault circuit causes interruption of
triggers to the modulator for a period of 50 msec. o
in order for the relay contacts to make the trans-
ition to closed condition (CFA shorted) before
triggers are re-established. Therefore, if CFA
arcing results in any particular CFA being shorted
out, there is a 50 msec. period of time when 4CFA'S

pulsing of all CFA's in that modulator is interrupted.
ODIVCM NO 4

A modulator fault or a modulator power supply fault
does not result in any protective action taking place.
as any of these faults either result in no pulsing
of the switch tube, or that the switch tube grid will
be turned on continuously, which fault will be sensed
by the wide pulse fault circuit. Indicator lamps are Figure 1. Transmitter block diagram
located on the modulator deck to show if either one
or both of these faults exist. In addition this infor-
mation is fed to ground level to an indicator lamp
on the front panel of the cabinet.
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A CONSTANT CURRENT HARD TUBE MODULATOR

by
Ralph Alsmeyer

Raytheon Company

Wayland, Massachusetts

1. Introduction c. The output current during CFA arcing or short
circuit is maintained below the crowbar trip level
thus minimizing transmitter "kick outs". This cur-

Modern air defense radars require reliable rent level is sufficiently low enough to permit full
stable high-power transmitters. This paper des- peak power testing of the modulator without the need
cribes the modulator for the final amplifier stage for a high-power dummy load if the output is short
for such a transmitter. It is completely solid state circuited.
except for the high-power switch tube and the crow-
bar spark gap. The modulator drives a crossed- The modulator block diagram is presented in
field amplifier tube (CFA). Figure I which is described below:

The electrical specificaions are as follows: The switch tube grid bias, screen, and filament
power supplies, along with the grid pulse drive as-

l. Prime power: 10 KHz, 1 phase, sine wave sembly (PDA) and its power supply, are located on
the floating deck. Prime power (10 KHz) is fed to

Z. Pulse output: the deck through a high voltage isolation transformer.

Z. 1 Voltage: 28 to 31 Kv peak Fault-sensing circuits in the power supplies
feed fault signals to the PDA where they are sensed

2.2 Current: 34 to 41. 5 amperes by an "OR" circuit which drives a light-emitting diode.
The optical fault signal is transferred across the HV

2.3 Duty cycle 0 to several percent interface via a glass-fiber light pipe to a light receiv-
er which supplies the signal for external fault indica-

2.4 Duration: variable over a 50/1 range tion.

2.5 Rise time (Vs: less than 80 nsec The output pulse is initiated and terminated by
(50 to 90%) externally supplied 0. 3 jtsec. "ON" and "OFF" trig-

ger pulses which are fed to the floating deck by pulse
2.6 Fall time (V): less than 2 4sec isolation transformers. The PDA contains a latch

(90 to 50%) circuit to maintain it on for the pulse duration.

Z. 7 Droop (I): to produce less than 0.2 / The high-voltage power supply (HVPS) is a
gsec phase shift in the CFA output simple single-phase full-wave-bridge capacitor-

input (2 iF) circuit. The high voltage is regulated
The mechanical characteristics are as follows: at -33 to -36 kV +1% by controlling the input 10 kHz

voltage. The regulator loop error signal is derived
1. Environment: military field operation from a precision voltage divider located in the HVPS.

2. Packaging: housed in an oil filled cast alumi- The crowbar is a high vacuum triggered spark
num tank gap (EG & G Type GPlSB-50) w ich discharges the

filter capacitor through 5 ohms.' The gap is triggered
3. Cooling: by ethylene-glycol/water solution by solid state circuitry. SCR capacitor discharge.

from an external cooling unit.
The voltage fall time specified for the CFA is

2. General not very stringent and so a resistive tail biter is ade-
quate.

The modulator block diagram is given in Fig-

ure 1. It is of the floating-deck configuration. (1) 3. Desian Details
The switch tube Is specially tested version of the
4CW-50000 tetrode operating n the constant current Switch Tube
mode. This mode of operation offers several advan-
tages: The switch tube is specified to deliver 40 amp-

ores of anode current at:
a. The storage capacitor size is minimized, as

ripple and droop are greatly attenuated by the high e 75 v peak
plate resistance of the switch tube rather than being gl
accented as they would be if the CFA were directly T 2. 2kv
connected to the HVPS through a "bottomed" switch b
tube. EG2  = 1.1 kV

b. The A •b which occurs across the CFA load = Z a maximum
when frequency is changed is absorbed automatic- i
ally by the switch tube thus allowing the wide-band r . 1000 ohm minimum over the opera.
capabilities of the CFA to be fully utilized. p tlng range of eb
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The filament is supplied from a center-tapped During the interpulse interval, all transistors
DC source in order to mininze heater hum modula- are in the off state and the output is held at approxi-
tion of the output current pulse. mately -500 volts by R30 and 31. C4 is charged to

15 volts through CR5 and R6, 34 and 39.
HVPS - The power supply pulse droop.

t 41.5 pw sWhen an 'ON" pulse is applied to JIAI. it is
A at = 41.5 =20.75 V/psec amplified by Q5 and transformer coupled to the bases

2bb = 2 X 10
'  

of Q3 and 4 which then supply current to charge the
load capacitance. As the output level goes positive,

Where i is the pulse current and c is the stor- Q2 is turned on through CR7 and 8 and R7 to main-
age capacitance. This yields the maximum output tain Q3 and 4 in the on state. With the base voltage
current droop, clamped by VR3 and negative feedback developed

A I 20.75 across the emitter resistors, 03 and 4 become para-
'b = r TW = 20.75 ma/4s Ilel constant current generators to feed the switch

p tube grid with the clamp circuit absorbing the excess
current. With 150 volt collector supply and the

The low dynamic impedance of the CFA is emitters clamped at approximately 80 V, the switch
neglected here because it is small compared to r . transistors do not saturate and thus their storage

P time is minimized. Speed up capacitors bypass the
emitter resistors in order to generate a fast output

Phase modulation of the CFA output, rise.

at - d-i x 100 X K 20.75 X 10
"3  An "OFF" pulse applied to JIA2 turns on the

W= 460 monostable; which generates a 1.5 .tsec drive pulse
2 0 for the off transistors 07 and 8. We found it neces-

X10 X 2 0. 104°/psec sary to stretch the system "OFF" trigger (0. 3 6sec)

in order to maintain the off transistors in conduction
Where K is the phase pushing figure for the long enough for the on transistors to recover. When

CFA. Z°/% Aib maximum the output voltage goes negative, the latch circuit
turns off. If an "OFF" trigger fails to appear, the

Tail Biter latch will turn itself off when C4 becomes discharged.
This limits the pulse duration to slightly longer than

The tail biter has a resistance of 17 K ohms. the longest required pulse duration.

The load capacitance was estimated to be: The switching transistors are DELCO DTS-804
units which are tested for turn-on time to meet our

Switch tube anode : 55 pf max requirements, as this is not a part of the commercial
specification. They are operated at VCR r 650 volts

CFA cathode 58 which is well below the 1000 volt rating. Texas
Instruments TIP 553 transistors were found to work

Strays : 70 equally well.

'-"p F maximum
The overall PDA delay for turn-on is 180 nsec

The discharge time constant PC = .83X10 °1 0  
and the turn-off delay is 280 nsec.

4
X 1. 7 X 10 = 3. 12 ps. For the pulse duration, the "ON" transistors

supply an emitter current IE '-t

From V = i 6. 8V -0. 7V -0. 8V = 1. 39 amperes per trans-
I E 3. UZ ohms

t= RC In I/V -R C In IIV istor

At VCE = 70 volts, this is well within the trans-and
istor safe operating area for normal or shorted load

tf s 3.12 In (1/.5 -1/.9) 2 1.83 psec conditions.

The CFA specification for fall time (tf) is 2 With two transistors 2. 78 amperes is produced.
1sec maximum, 90 to 50%. If the switch tube grid draws its maximum rated grid

current (2 amperes) then 0.78 amperes is absorbed

Pulse Drive Amplifier by the clamp circuit. This provides adequate margin
for temperature and tolerance variations.

As indicated above, the PDA delivers grid
drive pulses to the switch tube which are of constant Figure IV shows the rise and fall time of the

amplitude and having their duration determined by PDA output pulse into its rated load of 390 pF while
the "ON' and "OFF" trigger pulse spacing. The immersed in oil. The rise time in air was found to

schematic of this circuitry is given in Figure I. In approximate by 1. 5 times faster.
this diagram 03, 4. 7 and 8 form a "totem pole' The circuit was proven to operate stably and
switch for the output pulse which is clamped in amp- wiTh e it an rcin o orte lad
litude by the %enor diode VR4. CR2Z2-ZS provide ithout damage into an arcing or shorted load.

isolation for the grid bias. Q2 is a latch circuit
which maintains Q3 and 7 turned on for the pulse Switch Tube Filament
duration. Q5 is a trigger amplifier and 06 and 9
form a complementary one-shot multivibrator. The Providing a center tap for the DC filament
biased diodes CRIS and 18 were included to improve supply turned out to be somewhat tricky in that the
the triger noise immunity for the input circuits. voltage divider must pass the total switch tube cathode
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current. The voltage drop across the divider is The modulator is "hard mounted" into the
degenerative with respect to the grid drive. With transmitter cabinet.
the values used (SO" Figure III) the worst case drop
across the divider at one time constant (82 ps) would 5. Performance
be

A typical CFA current waveform as viewed
V = . 63 X (41. 5 + 2 +2) X 2. 05 = 58 volts through a current transformer having a rated droop

of 0. 15%/usec is given in Figure V.
which is large compared to the grid and screen sup-
ply voltages. To ease this problem, the circuit The modulator was found to be capable of pro-
shown in Figure III was devised. In this circuit the ducing pulse groups with a minimum spacing between
grid return and HV returns are provided by separate pulses of 20 psec.
dividers. In this configuration, the HV return ay
be an RC circuit as the voltage drop is small . h The modulator "breadboard" model has been
respect to the plate voltage, and the rp of the switch successfully operated for many hours. It has sur-

vived simulated and actual CFA and switch-tube arcs.
tube greatly limits the effect of the exponential res-
ponse of this circuit to the current pulses. The grid With a shorted load, the switch tube current
return circuit is resistive and thus does not distort is approximately 20% greater than normal.
the grid drive shape.

4. Mechanical References

1. H. Nettsheim and F. Lewis, "Some Techniques
As mentioned above, the modulator is housed for the Design of High-Power Vacuum Tube Pulse

in a dielectric-oil-filled tank. Its dimensions are Modulators". Proceedings of the Sixth Symposium
approximately 23" high X 27. 5" wide X 38" deep. on Hydrogen Thyratrons and Modulators.
It weighs 1143 pounds. including the CFA tube.

A liquid-to-liquid heat exchanger facilitates 2. L. B. Woolhaver, "The Use of Triggered Spark

cooling the oil by the externally supplied coolant Gaps as Crowbars", Proceedings of the Seventh
(glycol/water solution). Symposium on Hydrogen Thyratrons and Modulators.

The switch tube cathode seal is cooled by oil
circulated in the tank by an internal pump. The
anode is cooled by the glycol/water system.
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HIGH POWER LONG PULSE DISTRIBUTED AMPLIFIER TRANSMITTER

Duard L. Pruitt
RCA Corporation

Government and Commercial Systems
Missile and Surface Radar Division

Moorestown, New Jersey

Summary

A multi-mepwatt distributed-amplifier transmitting
system for use in a VHF radar system was designed and con- ,O ,, saW *Wo0c

structed by RCA's Missile and Surface Radar Division in the
late 19601s. The transmitter employs 72 power tetrode tubes, 09M Pn W
in six power amplifiers of 12 tubes each. The pulse width , , I
varies from a few hundred microseconds up to several minlt- I ~ m* or 6 AUK141 ORMS I ,N=iseconds, determined by screen grid pulsing of the power N I

tetrodes. Thus the high power IF amplifier tubes serve as ---
their own pulse modulators. The duty cycle may vary from
very low up to 11% maximum.

The Instantaneous RF bandwidth is almost three pow VAT"~
octaves. The entire transmitter system occupies more than
18.000 square feet of floor space, and is believed to be the
world's highest power distributed amplifier. Figure 1. Transmitter S36tem Block Diagram

Introduction The transmitter system, exclusive of the high-voltae
power supply (HVPS) and cooling equipment, occupies 90x100

Distributed-amplifier techniques have been used for ft (9,000 square feet) of high-overhead floor space. The
years. At first. in 1936, 1 they were used in "low-power HVPS capacitor bank occupies an additional 20x120 ft of floor
video" amplifiers. 2.3 Distributed amplifiers were developed space. The HVPS units are located outdoors. The distilled-
in later years for high-power applications, such as iono- water cooling system occupies 60x120 ft of floor space. Total
spheric sounding and ECM In the VHF and low-UHF ranges. 4  floor space required by the transmitter system is then 18.600

square feet.
Since the mid-S0's, the prospect of VHF radar systems

has been an intriguing one, but one that required new ap- Nish-Power Amplifiers
proaches to power amplification, Broadoand transmitter
systems were most desirable, with goals of 2-1/2-to-3- Figure 2 is a simplified schematic of a single high-
octave Instantaneous bandwidths, st for operation in the power amplifier (HPA). Each of the six HPAs uses 12 RCA
low-VHF range. In the late-60'8, the Missile and Surface 4641 power tetrodes in a distrIbuted-amplifier circuit.
Radar Division undertook the development of a very-high-
power broadband VHF transmitter system; distributed-
amplifier techniques were successfully applied to solve the roe*
technical problems involved. U La

UCIO

T7e transmitter system described In this paper was a

developed for broadband operation, and achieved a bandwidth - - -- sr-
of almost three octaves with multimegawatt peak-power out-
put anW duty cycles up to 11%. The development and subse-
quent analysis of this transmitter system included extensive t7
analytical computer studies of high-power distrtbuted-ampli-
fier operation. 5,S. 7, 8, $,t 0

Conflguration and Performance

Figure 1 Is a block digram of the transmitter system.
Six high-power amplifier (hPA) chains are used to generate
the total output power. Each HPA has a separate distilled- Figure 2. Simplified Schematic of a Single High-Power
watr cooling system; one "raw water" cooling system is Amplifier; Six HPAs are used in the Traus-
used for the eatire transmitter. A single high-voltage DC mitter System
power supply and cap@itor storage bank system supplies DC
power to all six amplifier chains. Four levels of high-voltage Grid-line impedance Is 5-1/2 ohms. Broadband ferrite
DC are fed to each ampitfir: 4, 11, 13, and 15 kVDC. As core transformers are used to match the grid line to a 50-
Indicated in Figure 1, each HPA foods a separate antenna, ohm source at the Input end and to a 50-ohm terminaton at
with the total output power combined in space. the output end. Operation is essentially Class A, with all

12 HPA tubes operated at the same grid-bias voltage.
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The screen grid of each power tetrode is individually at the HPA local control panel, which also displays the re-
pulsed, and the peak-pulse voltages are adjusted to obtain suiting peak plate currents.
the desired "video" plate currents. These video plate cur-
rents are set with zero RF input drive. When RF drive is Figure 3 shows a finished HPA unit. Several of the RCA
applied, the peak-pulse plate currents increase due to non- 4641 tetrode tubes may be seen in this photograph. Figure 4
linearity in the 4641 tube characteristics, is a photograph of the HPA control panel (local control con-

sole) outside the HPA room. HPA tube filament and screen
As shown in Figure 2, the low-pass grid line is made voltages are individually controlled, and peak plate currents.

up of inductors L40. L41.... , L52 in conjunction with the peak screen currents, and peak screen voltages are moni-
tube-input capacitances plus the circuit capacitance. As tored on peak reading meters at this console.
mentioned previously, impedance is 5-1/2 ohms. Networks
(C53. L55, R14) introduce high frequency loading to help 'F
suppress parasitic oscillation. The input drive power is
transformed from 50 to 5-1/2 ohms by RF transformer Ti.
The drive power is terminated in R26 (50 ohms).

The plate line consists of fnductors L1,..., L13 in
conjunction with tube-output capacitances plus circuit capaci- moo
tances. The plate-line cutoff frequency I. the same as that of L
the grid line. so that plate-line phase shifts match the grid-
line phase shifts. Plate-line impedance is tapered from a
high impedance (at reverse termination R1) to a lower imped-
ance at the RF output. The output line is a 6-1/8-in. -diam- 3*
eter 50-oh. coax.

Harmonic content in the plate-current waveform is high
because of characteristic tube nonlinearity - as high as -12
dB for the second harmonic and -15 dB for the third harmonic.
These harmonics are removed in a high-power harmonic
filter, located between the transmitter and the antenna.

Since the plate and grid line mid shunt impedances
theoretically go to Infinity at the cutoff frequency, the ampli-
fier will tend to oscillate at or near cutoff. This tendency is
prevented by plate-line networks (C25, L16, L28, C39, R2) L I

and eleven other identical networks. These "oscillation sup-
pressors" are double-tuned circuits, tuned slightly below Figure 3. High-Power Amplifier
the cutoff frequency, which couple 50-ohm loads tightly to .
each plate at the tuned frequency.

The DC plate voltage is fed to the HPA tube plates via
RF choke coils RFC1, RFC2 .... RFC12. The RF voltage
present on the plate line builds up gradually from input end
to output end, i.e., the maximum RF voltage appears at the
plate of tube V12, and minimum RF voltage appears at tube
VI, as a general rule. Reflected power from the load (VSWR)
and plate-line Imperfections may partially upset this simple r
picture, without changing the general pattern. Since the RF
voltage varies from tube to tube, efficiency can be maximized
by "grading" or "tapering" the DC plate voltage. In the HPAs
of this equipment, the DC plate voltage is graded as follows:
tubes VI to V4, 11 kVDC; tubes VS to V8. 13 kVDC; and tubes
V9 to V12, 15 kVDC.

The 15-kVDC level used on V9 through V12 provides a
generous minimum plate voltage for ideal conditions. High Figure 4. HPA Control Panel
VSWR loads, coupled with the rise in circuit mid-shunt Im-
pedance at the top of the band, cause a reduction in the mini- Each HPA assembly is 5 ft wide. 20 ft long, and about
mum plate voltage for some tubes. For example, a VSWR of 8 ft high; it is housed in a shielded HPA Room measuring 30
2:1 coupled with maximum frequency operation could cause ft square and 12 ft high. The 12 i(PA screen voltage pulsers
inadequate minimum plate voltage at tube No. 12. Excessive and 3 crowbar units are also housed in the HPA Room.
screen curret is prevented by use of a "soft" screen supply
(using a series resistor). This also causes a small drop in Screen Grid Modulator
total power output, which is tolerated for these extreme
conditions. Figure 5 is a simplified schematic of one of the 72

screen grid modulators. These units were named "screen
The HPA tubes are screen pulsed, from individual grid regulators" since the output pulse at the switch tube

screen pulse "regulators." Peak screen voltages are adjusted cathodes is electronically regulated. Amplitude of the output

sO
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pulse is controlled by an external potentiometer. Four kilo- had happened. A remotely operated fuse changer is used to
volts DC (from the HVPS system) is supplied to the modulator switch to a new fuse, thus returning the HPA involved to
via DC fuse Fl and crowbtr El. El is a triggered spark gap. operational status. Each fuse changer contains five fuses.

After five operations of a given crowbar chassis, the HPA

The series switch tube/regulator function is supplied room is opened up to replace the blown fuses. The fuse is
by tetrode VI (Eimac Y517). A monostable multivibrator, designed to allow for easy field replacement of the fuse wire.
controlled by external start and stop triggers, controls the
output pulse duration. Pulse amplitude regulation is achieved Figure 6 shows a view inside the HPA room, with the
by comparing the pulse amplitude at VI cathode with the DC fuse changer in the foreground. The row of 12 screen-pulse
voltage on 1000 a F capacitor C1. Diode stack D1 conducts regulators is in the middle of the room, with the high-power
when the cathode pulse voltage exceeds the DC voltage on Cl, amplifier in the background.
causing a voltage drop across the 0.23 ohm resistor. The
feedback amplifier operates on VI grid voltage to maintain
a constant voltage drop across the 0.23 ohm resistor
(approximately 0.5 volt).

V3 4 UO S

MULTI~ORATM LOOXING

OZ TRIGGERS STOP

OC REGULA f III V2

CIRCUIT --

AMPLITDU CoRlTUO Figure 6. HPA Room
EXTrRNAL POY4T.RMIMER

Figure 5. Screen Regulator. Simplified Schematic High-Voltage Power Supply System

The DC voltage on Cl is regulated by shunt regulator Figure 7 is a block diagram/simplified schematic of

V2. a 4W300B tetrode. The shunt regulator circuit is con- the HVPS and capacitor bank system.

trolled by a remote external potentiometer, which thus also
controls the peak pulse voltage amplitude. - -

A 119KV)

Tetrode V3 (4Xl5OD) serves as a "tailbiter' to reduce 01I.0 P
pulse fail time. V3 is driven by a blocking oscillator which 9 D,3,V) '
is in turn triggered from the "stop" trigger.

The screen grid modulators were designed and con- .-

structed by Energy Systems. Inc., Palo Alto, California. TOTAL

HPA Tube Arc Protection

KVII
3 io well known that high-power tubes are 3ubject to

internal flash arcs during operation - the "Rocky Point ....SF 1

effect. If not interrupted, the arc will damage, or ____

destroy, the tube. T{ "

In the design, a conventional ignitron crowbar
1 1 

is Figure 7. High-Voltage Power Supply (HVPS) System
used to interrupt the power-tube arc. Plate ares are sense
by thresholding the signal from a plate-pulse current trans- Six identical high-voltage DC power supplies are used,
former, feeding logic circuitry which fires the appropriate with the outputs connected in series. Each supply is fed from
crowbar for the tube concerned. A memory circuit lights a a 4160 VAC, three-phase source, and each supply contains
lamp to show which tube arced. There is one crowbar for its own 4160 VAC three-phase circuit brealer. Each supply
each voltage level on each HPA - i.e., three crowbars per is 12-1/2x14x9 ft high. The output rating per supply is 2 to
HPA and 18 crowbars per transmitter system. 5 kVDC (variable by remotely-controled load-tap changer),

Thus, the HVPS system is capable of a maximum outut volt-
Each HPA crowbar chassis receives plate voltage from age of 30 kVDC, although the typical operating value is 15

the high-voltage power supply system via a high-voltage kVDC maximum.
silver/sand fuse. When the crowbar fires, the associated
fuse opens up. thus isolating the faulted unit from the HVPS. An indoor switch matrix permits isolation of any of the
The remaining five HPAs continue to operate as if unothing six supplies for repair or maintenance as required. The
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system can supply full required voltage with any one supply 1V "

down, though the tapered-plate-voltage feature is partially _4

The pulse currents are drawn from the series-con-netted capacitor banks. As shown in Figure 7, the six capac- - --.. " ._

itor bankes vary in size from 0.01 to 0.03 F. Maximum rated -
energy storage capacity is 1. 875 megejoules; normal storage 'A

Is 0. 55 megajoules.

Twenty-four large coaxial cables (similar to RG-17)
feed the four high-voltage levels (4, 11, 13, and 15 kVDC) to
the six HPAs. Each line has a protective input fuse, or back-
up fuse, for the crowbar (use. oil

The six high-voltage power supplies are individually
controlled from a remote, centrally located console. ON/
OFF and RAISE/LOWER controls are provided, with com-
plete voltage and current metering. .

Figure 8 shows the six outdoor-mounted HVPS units. Figure 10. Transmitter Control Console
Figure 9 is a view of the capacitor room, with the switching
matrix on the wall to the left and the capacitor banks to the Driver Amplifiers
right in the photograph. Figure 10 is a view of the central
transmitter control console (TCC). The HVPS controls and The intermediate-power amplifier/driver must supply
various monitoring functions are located at the TCC. a minimum of 800 W peak RF drive power to each HPA input.

Six driver units are used, one for each HPA.

The input from the system exciter is 60 milliwatte peak
to each of the six IPA/driver cabinets. The Intermediate-
power amplifier (IPA) is a small distributed amplifier con-
taining six type-8233 tetrodes. IPA grid-line impedance is
50 ohms, thus matching the 50-ohm exciter cable with no
requirement for impedance transformation. IPA plate-line
impedance is 300 ohms, and typical power output is 3 W peak.
A 2:l-voltage-ratio RF transformer matches the 300-ohm
IPA plate line to a 75-ohm coaxial line which carries the 3 W
EPA output to the driver input.

The driver grid-Une impedance is 75 ohms. and the
driver plate-line output impedance is 200 ohms. The driver
is another small distributed amplifier, using 10 type 8122
tetrodes. The driver output power (800 to 1000 W peak) is
transformed to the So-ohm level by a 2:1 (voltage ratio) ferrite

Figure 8. High-Voltage DC Power Supplies transformer, and fed to the HPA via 7/8-inch 50-ohm coaxial

Figure 11 shows the IPA-Driver. fault-sensing logic,
and "local-load-center" cabinets. The IPA-driver circuitry
occupies a 2/1 cabinet at the left, while the fault-sensing
logic occupies a single cabinet in the center.

Cooling System

The six outdoor units of the HVPS are self-cooled, with
oil-to-air radiators to transfer the waste heat to the atmos-
phere. All indoor units are in an air conditioned environment,
with forced, cooled air circulated continuously.

Waste heat from the HPA tubes, HPA filament power
supplies, and HPA screen pulsers, i removed by a distilled-
water system. Each HPA tube plate is cooled by a 60 gal/min
flow of high purity water (720 al/min for all 12 tubes in an
HPA). Typical flow for the remaining water courses is I to
2 gl/min/water course.

Figure 9. Capacitor-Bank Room
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Dr. Leon S. Nerpaard of RCA's David Sarnoff Research
Laboratories (since retired) contributed theoretical analyses
and many consultation sessions; T. Douma, RCA Missile and

WWW * Surface Radar Division (retired 1970), supported the design
! * 0 i effort with theoretical analyses and calculations. Many others

0" ,at RCA's Missile and Surface Radar Division, Electronic Tube
-- Division, and David Sarnoff Research Laboratories also made

gig, important contributions to the program.
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HIGH POWER SOLID STATE MODULATOR FOR COHERENT AGILE MICROWAVE AMPLIFIER

By Giovanni Scerch
Selenia S. p. A. - Rome - Italy

SUMMARY se train (a few r. m. s. degrees) and from train
to train (some tenths of degrees r. m. s. ), with

The present paper describss an high j.-wer broadband a cathode phase sensitivity of 100 deg/KV and a

microwave amplifier realized for a pulse compression, grid phase sensitivity of I deg/V.

M. T. L or frequency agile radar system. b) High amplitude stability (many tens of dB below
After a short description of the amplifier global net- pulse amplitude) with a cathode amplitude sensi-
work, the most important solutions are poinced out, tivity of mdB/V and a grid amplitude sensitivity
i.e. H.V. microsecond protections, grid modulator of about 10 mdB/V.
circuit, H.V. -ground levels interfaces, amplifier pro
cessor. It has been possible to reach such values designing
The overall performances obtained are also given, the cathode H. V. P.S. and grid modulator circuits

(where voltages ripple are the main causes of unwant-
ed phase and amplitude modulations), extremely sta-
ble in voltage.

1.• OU TLIN E IHereafter, after a short glance to the amplifier glob-
al network, the most important production highlights

The amplifier hereafter described is a part of a radar of the amplifier will be pointed out.
system using pulse compression combined with M. T. I
or frequency agility. It must be said that this amplifier is definitely a gene

ral purpose model which is able, besides its present
As we know, a pulse compression implies the trans- use, to amplify radio frequency power with any type
mission of long pulses, with a relatively low peak pow of phase and frequency modulation within the bandwidth
er at low repetition rate. These pulses will be modul of microwave tube with high level of phase and ampli-
ated in frequency, amplitude, phase, single or corn- tude stability and to pulse modulate such R. F. through
bination of, in order to allow their compression into the TWT grid modulator.
the receiver and to obtain therefore the required level
of resolution capability, detection sensibility and max
imum unambiguous range. (1)
Frequency agility means for the transmitter unit the 3. AMPLIFIER SCHEMATIC DIAGRAM
use of large band tube having special characteristics
and of a suitable RF driver in order to obtain a suffi-
ciently constant power over the total band range. (Z)
The M. T. L system requires high phase and amplitu- -_ \.A
de stability. (3)

2. AMPLIFIER CHARACTERISTICS-I

Taking into account the above mentioned system re- Irv\ /.
quirements, the power amplifier characteristics are L .,
set up, i.e. peak power above 100 KW, transmitted "
by pulses ranging within 100/us, amplitude and phase ____
codified, having some hundreds of pulses per second
of repetition rate and average transmitted power ran-
ging up to several KW. _____-_______

The instantaneous bandwidth wherein the frequency agi r!.... _.
Uty takes place Is approximately 10%.
The tube used Is a gridded electron gun T. W. T. (4)
and may be driven directly from a solid state ampli- Figure 1. Amplifier schematic diagram
fier due to Its high gain (50 db approx). (
The electronic circuitry designed for this tube allows:

a) High phase stability, both into the transmitted pul-
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On fig. I we illustrate the schematic diagram of the b) Since the tube is focalized by an electro-solenoid,
implemented amplifier. As we said before, a TWT some reduced or interrupted power to it would
has been used as microwave amplifier. It has two do bring a loss of focus and subsequent helix current
pressed collectors to increase its efficiency. Among increase, which camot be tolerated by the *ame
different possible solutions to realize E. V. cathode for more than a few microseconds.
and collectors path, the one with three series power c) We must also consider some possible loss of con
supplies has been chosen, because it presents some trol of grid modulator. Therefore the amount of
advantages. The TWT has a shadow gridded electron the tube conductivity time must be kept within sa-
gun, with grid mu approximately 20. fe limits.
It is focused by an electro-solenoid, supplied with a
very stable power supply. Also microwave tube fila- Regarding pars a), the quantity of energy which is fed
ment is fed with a D. C. stabilized power supply. back to the tube in case of arcing is strictly correlat-
As it can be seen from fig. 1, the amplifier circuits ed to actual arc impedance. It is clear that, being
are referred to five different voltage levels, possible to maintain a low impedance arc, the protlem
All triggers and logic signals are transferred among could be solved by accepting a reasonable amount of
different voltage levels and between these and ground adequate cathode series resistor. Therefore such
through optoelectric transducers coupled by fiber opt- arc impedance must be different in value depending
ics. on arcs frequency, time elapsed between arcigs and

phenomenon characteristics.

Regarding pars b), some solution to the problem could
4. H.V. CIRCUITS AND PROTECTIONS be to procure some microseconds tube grid interdict-

ion as soon as the above mentioned failure arises.

The H. V. section, which supplies the cathode voltage The analogous could be employed in order to solve the
while adequately depresses the two collectors, has problem explained in pars c).
been obtained including three series power supplies. However, solutions of this kind appear not properly
Each one of these is a. c. regulated following the fit to fully solve the problems, keeping in mind the tu
powerbe price and the safety factors required by the tube
This allows to buffer automatically, within the percent manufce tar the odulatrad the proe

age limits, the slow variations of the power supply ion philoso Throe, the pro tes
D.C . voltage (main line variation and static load va- aos ph ly derere, the oposed ons,riation, switching R. F. on-off with electron beam on). although actually delivered, appear only as redondant

ria se erhing R. on-ofef wih approelectron beam ones. On the other hand, some completed crowbarThe triac use permits. moreover, if appropriately system (5) realized with two hydrogen vacuum spark
driven, to have high voltage step up gradually and ape gaps set in parallel to higher rating H. V. (6) capaci
riodically even during "switching o', avoiding transient tors, allow to deviate in some known, safe and ad-
oscillating phenomena and their related overloads on tel d osdediate cor e n , ad s-circutryquately designed way the correlated energy, as soon
circuitry. as cathode or helix current, or transmitted pulse du-
This philosophy also allows, as we will see later, to ration override safety levels.

stop immediately (ms) the triacs conduction, in case
of H. V. circuits failure. Contemporarily to the crowbar action, the TWT grid

will be interdicted within microseconds and the con -The phase stability required by the amplifier involves duction of trics stopped into H. V. power supplies.

cathode voltage stabilization within 10-
4 . Such sta-

bility has been reached by D.C. electronic voltage re By using CAD (ECAP method) the H. V. circuit correct
gulator, which controls the cathode voltage within I function has been checked during the crowbar ntervent
/us, by changing the voltage of the third power supply ion for dissipated energy as well for transients on ca-
of the series pertaining to the second collector. In thode and collectors voltages.
this way, we obtain cathode specified stability by va-
rying voltage of the second and subsequentially of the

first collector.
5. GRID MODULATOR CIRCUIT

We will make hereafter some considerations on pro-

tections designed for the power supplies in order to
avoid damage to microwave tube. The TW T grid modulator has been completely im -

a) As we know, only a very small amount of the to- plemented using solid state techniques.

tal energy contained into the H. V. capacitors (n It presents a large flexibility by being able to form
our case about 1000 Joule) is normally delivered single pulses whose length varies from I microsecond
to the tube for each pulse. This would also entail to several hundreds of microseconds, or pulse trains
that, In case of arcing inside the tube, the total of any position and duration.
energy could be discharged into the tube, thereby The rise and fall time of grid pulse, on a capacity equl
destroying it. It will be necessary in such case valent to the TWT grid capacity, is less than I micro-
to cut power coming to the tube. Some tens of second. The minimum distance between two pulses
Joules for a few microseconds duration seem to may approximately be 2 microseconds (modulator re-
be reasonable max amount for safety protection covery time). Within a single pulse (up to hundreds
of the tube under consideration, of u.), with or without amplitude modulation, the am-
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plitude variation is less than 10"3, while from pulse a) Trigger for the control of start and stop of each
to pulse it is about 10"4 . It is to be pointed out that transmitted train pulse or for the crowbar oper
in radar systems under consideration, the RF input ation.
power is supplied to the microwave tube when the e- b) Logic levels which allow to define correct be-
lectron beam is on, in order to reduce the jitter on haviour of different circuits referred to the H.
the RF pulses. V. levels. These logic levels are to be trans-
The receiver being open between a pulse and the fol- Veel thse logic eel reftorbe t
lowing on the train, this requires very low rise and ferred to transmitter logic unit referred to
fall time for beam pulse in order to reduce the time ground level to guarantee a safe automatic and
during which the noise is emitted by the tube in "beam faultless functioning.
on, RF off" conditions. In the amplifier considered, the problem has been

solved by the use of transmitting and receiving elec-
SToumO-itv tro-optics transducer coupled by fiber optics.

PULSE ORn PULSEThis system has been studied in order to have a good

flexibility, to perform variable connections up to a
P CWTERFACE Af TTuIEf few meter length with any kind of track, and to obtain

maximum system efficiency and safety.

"T.&ASO PULSEn A PN gallium arsenide infrared emitting diode, with
maximum spectral output at 9000 A, has been chosen,
as electro-optic transducer. (7) for its high internal

------ G and external efficiency.

A PIN silicon photodiode with max spectral.response
near 9000 A with high radiation sensitivity and with
very fast response time has been chosen as opto-elec

T tric transducer.

The optic transmission line and its matching to the
two transducers has been studied in order to strongly

reduce the losses. (see fig. 3) (8).

Figure 2. Grid modulator schematic

the grid modulator to be able to supply a swing volt-

age of about Z. 5 KV are shown in fig. 2. EECTRo-oPTIC FISEA OPTICS OPrO-ELCMCcrThe amplification stage Is realized by two transistor TRANSOUCER TRANSODUCR
chains suitably polarized.

In off condition the power supply ECO polarizes the Figure 3. Ground - H.V. levels interface
grid to cut-off value.
The pulse to be amplified, switching in ON condition
the T1 chain, makes the TWT tube amplify through The transmitting line chosen is built-up by many pa-
the EC power supply. At the end of the pulse an aux rallel core fibers covered with a thin glassy coat,
iliary stop trigger makes the TZ chain conductive (cladding) which has a refraction index suitably more
causing a fast pulse fall time and modulator recovery, than the core refraction index. The propagating light

direction in the core is chosen in order to determine
total reflection on the coat. Therefore, the light pro-
pagates through each optic fiber with many reflections,

6. GROUND-H. V. LEVEL INTERFACES without leaving the fiber itself. (9) The fibers, in be-
ing arranged into parallel layers, give a transmission
duct of about .5 cm of diameter of max mechanical

One of the most important problems which comes out

in a power amplifier as the one described, which pre- flexibility. Of course, these parallel layers determi-

sents circuits referred to different H. V. levels (tube ne some non-conductive zones towards the inside of

filaments and grid modulator referred to cathode volt- the whole fiber, giving rise to packaging losses p1
age, crowbar circuits for H. V. referred to cathode (within 10%, with the chosen fiber).

level but insulated from the previous ones for the who As far as concern transmission attenuation losses P2
le cathode voltage, first and second collector circuits due to the fiber attenuations and to total reflection on
referred to their respective voltages) is to transfer single walls, they are evaluated to approx 10% for I
information and signals through different voltage Is- meter.
vols. This information may be of two types: Special care has been given to obtain maximum trans.
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mission coefficients r1, r2 (10) between fibers and series which ar- -plored sequentially by a internal-
transducers considering the transmitting coefficient ly generated clc I:, the failure logic signal is decodi-
as a ratio between the average energy flux per time flied and provides f.ilure signalling through lighted
unit and exposed areas within the two materials on numerical indicators. Therefore a number of two
their respectively exposed surfaces. figures, which gives in code the eventual failure in-
As a matter of fact, light coming from the photoemit- dication, is obtained.
ter hits the frontal flat and optically polished surfa-ce o th fier uclus;par ~il b reieced nd art Furthermore, all transmitter operative controls arece of the fiber nucleus; part wrill be reflected and part made by HLL logic circuits.

will propagate inside the fiber itself.

It has been found that this transmitting coefficient is
practically constant for the incidence angles between
0* and 20. and almost equal to 0, 9. 8. CONCLUSIONS
This result has permitted no critical coupling be-
tween transducers and fibers.

The realized system shows optics efficiency of The amplifier described herein has been completely

approximately 60%. manufactured and the complete radar system has been
checked.

Due to remarkable receiver sensitivity, it is possible The results obtained are corresponding to the requir-
to get a current of some /uA in reception while trans ed specifications and the behaviour is very reliable.
mitting an optic power of about 1 mW. From the M. T. . point of view, the improvement
The obtained system which is extremely compact, is factor is about 40 dB. The phase and amplitude sta-
shown in fig. 4. bility are within the requested values.

The total amplifier efficiency is about 20%.

The unit production, the first of which is now under
test, presents 0, 8 x 2, 4 x 1, 7 m. height dimension
and its weight is approximately 1. 300 Kg.

A pictorial of the amplifier breadboard is shown in
fig. 5.

Figure 4. Ground-H. V. levels interface
pictorial

The total delay between the electric transmitted and
received signals is of about 0.1 /us and the system c.
bandwidth is within some Mc/s.

7. TRANSMITTING PROCESSOR

The various parameters to be checked to ensure a cor
rect operation of this equipment a r e measured
by solid state circuits giving an output to HLL logic
levels of the ON/OFF type. These outputs a r e
processed through a series of HLL logic circuits
which elaborate them and determine the position of
the transmitter-controlled parameters (radiation, rea
dy, failure). Figure 5. Amplifier breadboard pictorial

Besides evaluating the transmitter condition, these lo

gic signals are also sent, through some interfa-
ces to a failure Indicator. Through a demultiplexer
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SOLID-STATE MODULATOR TECHNIQUES
TO PROMOTE FAST PULSE FALL TIMES

V. Nicholas Martin

RAYTHEON COMPANY *
Microwave and Power Tube Division

Equipment Engineering Group
Waltham, Massachusetts

SUMMARY Circuits employing transistors and SCRs are reported
herein that have been developed to replace vacuum

This paper describes solid-state tail-biter tubes that were sometimes used in the past, resulting
switching circuitry for grid drive tail-biters in hard- in substantial savings in size, weight, and power, as
tube modulators and tail-biters employed in high pulse well as enhancing reliability.
repetition rate line-type modulators used in short
range search and mapping radars. THEORY

Tail-biter circuits are most advantageous in The pulse modulator problem can best be illus-
producing fast fall times in the video pulses used to trated by considering the fundamental circuit shown
drive high power rf amplifiers. Fast fall times are in Figure la. Here, a modulator switch is keyed at
required to minimize rf transmission of coherent sig- a specified pulse repetition rate to transfer power
nals or noise in the period of time immediately follow- from a high voltage source to a load. The high vol-
ing that of peak pulsed radar power transmission to tage source is represented by a battery or energy
enhance the detection of closein targets and to con- storage capacitor and the load is shown as a resistor
serve power dissipation in hard-tube modulator swit- shunted by distributed capacitance, Cd.
ches.

Figure lb shows the voltage-time relationship
This paper describes the use of SCRs in tail- across the load. The ideal waveform, desired across

biter circuits that overcome dv/dt limitations which the load would be a curve following points A-C-B-D-
formerly precluded their use in such applications. E-F. The reactive impedance of the distributed capa-
Results of laboratory experimentation and actual cir- citance, however, causes the load voltage to follow
cuit implementation in production systems are de- the curve inscribed by points A-B-D-F. The area of
scribed. interest in this discussion is the falling portion of the

waveform. D-F, and how to bring it close to D-E.
INTRODUCTION No attempts will be made on improving the rise-time,

A-B, to liken it to C-B, since peaking circuits and
Past studies and solutions to pulse modulator other techniques have been reported elsewhere in the

problems have, for the most part, centered about past.
means for obtaining optimum flatness at the top of the
pulses used to drive rf power amplifiers. This is Figure Ic shows the basic modulator driving a
of special concern in sophisticated pulse doppler ra- klystron or traveling wave tube, which can be repre-
dar systems, where pulse voltage droop in amplitude sented as a diode, if their rf structures are neglected.
variations produce rf phase shifts in the output signals Their load characteristics follow 3/ 2

that degrade system performance. e t c ke . asop-
posed to i = ,as in the came of a purely resistive

In other instances where pulse voltage fall time load. Here At should be realized that in the post-pulse
is important, as in the application of shuttering laser period, after point D in Figure Ib, the capacitor dis-
beams, vacuum tube tail-biter circuits have been de- charges no longer into a resistance load, but into a
veloped2" varying impedance that increases with time, thereby

stretching out the fall time to D-G. This distributed

The need for fast video pulse fall times may be capacitance, it must be noted, comprises the capac-
grouped in two categories: a) to minimize rf trans- itance between the secondary windings of the power
mission, coherent or noise, immediately following amplifier filament transformer and ground, the inter-

the pulse time duration of maximum power to permit nal interelectrode capacitance of the rf amplifier to

optimum detection of closein radar targets and b) to ground, the high voltage cathode lead connections to

provide power conservation in the modulator switch- ground, and portions of the modulator switching ele-
tubes In hard-tube modulators. ments (depending upon the type of circuit and parts

placement) and ground.
Prior art precluded the use of thyristors or I the past, banks of resistors have been placed

SCRs because of their inherent dv/dt limitations man- i n th t high oeiamplifieretbet pra-
ifested during the rising portion of the video pulses. in shunt with the high power amplifier tubes, to pre-
Thus, if fast rising voltage pulses were to be applied sent a lower Impedance to the distributed capacitance
across a load shunted by a tail-biter circuit com- in the post-pulse period, thereby discharging this
prising one or more series-connected SCRs. the SCRs capacitance faster. The waste of power is usually
would self-fire and prevent the main (flat) portion of prohibitive, since these resistors dissipate energy also
the pulse power from passing into the load. during the main flat portion of the pulses.

Another approach was to shunt the rf amplifier
This w while in the of the with an active element, such as a vacuum tube that
heed Electronics Company. would be keyed only during the post-pulse period.
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Figure 2a shows the vacuum tail-biter in shunt with an GRID DRIVE CIRCUIT WITH
rf power amplifier load. Here it can be seen that the SC R TAIL-BITER
vacuum tube, with its associated circuitry, inserts
the additional capacitance Cd2 of its filament trans- Figure 5 shows a tail-biter incorporated in the
former, tube elements, and trigger circuitry. This grid circuit of a hard-tube modulator developed at
additional shunt capacitance makes the vacuum tube LEC in 1964. whose positive output pulses were used
tail-biter somewhat self-defeating by requiring it to to drive groups of cascaded rf amplifiers. The input
discharge the total shunt capacitance of both tubes, capacitance of the 4PR60B pulse tetrodes is 50 pf each.

that would result in the fall-time recorded as shown in
Figure Zb shows the idealized tail-biter repre- Figure 6a. A 2N2619 SCR was employed in the tail-

sented as a switch that would be closed periodically biter, resulting in the fall-time shown in Figure 6b.
at the end of each pulse duration. To accomplish this, More recently, a much faster turnon SCR 2N4204 was
based upon hold-off or forward breakover voltage rat- substituted showing the results in Figure 6c.
ings, one or more series-connected solid-state switch-
ing elements would be ideal switches. For example, In this particular application, a delay multivi-
transistors for relatively low capacitor discharge cur- brator tracks the trailing edge of the main pulse,
rents and SCRs for peak currents in excess of 20 am- whose width is varied by the main multivibrator pulse
peres at switching speeds in approximately 100 ns. generator. In all cases from 200 ns to 200 0is of main

output pulse width, the fall time remains constant at
SCR LIMITATIONS AND 100 ns between 10-90% points when using the ZN4204.

CIRCUIT COMPENSATION
It must be noted that there is no separate for-

One of the parameters of an SCR is its dv/dt ward bias supply feeding the anode of the SCR. In-
rating. Currently available SCRs have rate of volt- stead, the anode is connected through a 100 K reels-
age rise ratings of from 100 to 1000 volts per micro- tor to the HV floating deck, while its cathode is tied
second. When considering that the absolute risetime to the -300-volt bias supply used to cut off the 4PR60B
requirements of magnetron tubes and other high power switch-tubes during the interpulse period.
rf tubes are in the order of 50 - 100 ns, or as expres-
sed by the magnetron manufacturers as rate of rise of GRID DRIVE CIRCUIT WITH
voltage of 100 to 140 kV per microsecond, it is ob- TRANSISTOR TAIL-BITER
vious that the SCRa cannot meet the ratings when se-
ries-connected in shunt across the tubes. In a more recent development of a tracking

radar system, it was required to provide variable
Self-triggering of SCRo due to excessive dv/dt output pulses from 1 to 8 ±s at 35 to 25 kHz pulse

is caused by a capacitive current equal to the prod. repetition rates, respectively. A transformer-coup-
uct of the anode-gate capacitance of the SCR and the led hard-tube modulator was selected to drive the
rate of rise, dv/dt of applied anode voltage. Forward cathode-pulsed klystron power amplifier. The high
blocking voltage cannot be reapplied until after the pulse repetition rate precluded the use of SCRs, since
minority carrier charge stored in the device as a reliable recovery cnuld not always be achieved by
result of previous forward conduction has been dissi- starving the 5CR of holding current at elevated ambient
pated to a level that can be controlled by the gate temperatures during the short interpulse periods as-
bias. sociated with these high pulse repetition rates. For

this application, high voltage transistors were used
The author' s approach was to prevent sudden in the tail-biter. Overshoot on the leading edge was

application of voltage as represented by the rising provided to ensure fast rise-time, but the peaking
portion of a rectangular waveform by forward biasing circuitry has been omitted from Figure 7a, which
the SCR. Figure 3 si-ows the basic circuit approach. shows this circuit, to better illustrate the circuit
Here a dc bias voltagL VAB is connected permanently components of the tail-biter.
to the anode of the SCR. A blocking diode DI is con-
nected to isolate the anode of the SCR from the pulsed Referring to Figure 7a, the main pulses having
terminal A. a time duration to to t7 are fed through pulse trans-

former TI to the driver transistor Q, which is con-
When the indicated pulse waveform, having an nected in a boot-strap amplifier circuit, patterned

amplitude VAB, is applied across terminals A and B, after conventional vacuum tube boot-strap drivers.

current only flows through the load resistor and the The turnon of 01 causes the grid of 4CX5OOOR
distributed capacitance Cd. At time t l , SCRI is gated, (8170W) switch-tube to swing rom -300 volts to ap-
causing it to break down and the distributed capaci- proimatey4 vo suing in grid crt fow
tance discharges through the SCR. In addition, a proximately 40 volts, resulting in grid current flow
much smaller current is passed through the bias and the grid capacitance to charge to the grid poten-
supply isolating resistor R, whose value is so large tial and remaining at this positive potential during
as to starve the SCR by limiting the bias supply cur- the main portion of the grid pulses.
rent below the minimum rated holding current. This When the driver pulses are terminated after
latter action enables the SCR to recover and await
another pulse operation. Thus, instead of a fall time 7 gs of time duration, tail-biter pulses, tb coincident
extending from tl to t2 , with the rapid firing of the in time with t7 are fed to T2, which in turn, drives
SCR, the fall time occurs at very close to t1 , depend- 02 into conduction. The low impedance path of theng upon SCR turnon time and inherent delay. saturated transistor Q2 and its ZZ-ohm collector cur-

rent limiting resistance discharge the distributed

Figure 4 shows an embodiment of this circuit capacitance, resulting in approximately 150 ns fall-
approach used with variations in actual circuit appli- time. Figure 7b shows the voltage pulse taken at thecations to followi grid of the 8170W hard-tube switch. Here it can be

seen that voltage shaping is introduced during the
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rising portion of the waveform and the tail-biting sometimes used to generate the required long and
action, described above, produces the fast fall-time, short time-duration grid-drive pulses used to gate a

TWT RF amplifier. Long duration pulses are genera-
If a tail-biter were not used, the fall time would ted by means of a conventional transistor blocking

be much greater than I his, resulting in the conduction oscillator.
of the switch-tube for this extended period of time.
This would result in added plate dissipation and in- Short duration pulses have been produced by the
creased power supply requirements. For example, same blocking oscillator by changing the DC bias
at 35 kHz switching rates, when the main portion of through an auxiliary winding on the transformer, as
the transmitter pulses is I s, without the tail-biter shown in Figure 9a. Actual operation has shown, how-
the switch-tube dissipation would be substantially ever, that the short term pulses vary in time duration
greater, resulting in much longer fall-times in the considerably between transformer lots and with tem-
klystron driven by this modulator. perature. Moreover, when TWT' s are replaced to

suit the different manufacturers' clamped grid voltage
LINE TYPE MODULATOR specifications, a commensurate change in loading of
WITH SCR TAIL-BITER the blocking oscillator occurs. This results, in turn,

in a variation in pulse-width of the output pulses.
Success was reported on the first generation

Lockheed rotor blade antenna helicopter radar in In radar timing systems having a fixed receiver
which high power 80-ne pulses were switched at 30 on-time referenced to a master clock zero-time,
kHz by means of SCRs. J In the higher powered 160 variations in transmitter turn-off time could produce
kW pulsed modulator, used to provide 100 and 500 ns a spill-over of Radiate energy during the receiver on-
pulses to a 30 kW magnetron, a conventional ceramic time. This would block the receiver and blank out the
thyratron was used as a switch-tube in the modulator, display of signal returns from close-in targets, as

shown in Figure 9b.
Magnetron emission during the fall-time por-

tion of the 100-ns drive pulses dictated the require- A system improvement may be achieved by
ment for a tail-biter circuit. Without an rf suppres- restoring the same DC bias to the blocking oscillator
sion circuit immediately following pulse transmission, for both long and short range Operation. The addition
magnetron noise would obliterate the display of echo of a time delay flat-pack and SCR tail-biter, curtails
returns of closein targets, both long and short pulse operation at the same points

in time, regardless of loading of the blocking oscilla-
In view of the need for compactness and light- tor, as shown in Figures 10a and b.

weightedness of the helicopter radar transmitter,
cumbersome vacuum tube tail-biters could not be Initially, turn-off of the B. 0. was attempted by
used. The 15 kV potential across the magnetron pre- turning off gate-drive to its base. Variations in stor-
cluded the use of a series string of SCRs. It was de- age time effects, however, ruled out this approach.
cided to place the SCRs across the primary of the An embodiment of the tail-biter circuit is shown in
pulse transformer. Figure 11. Here, it can be seen that a turn-off pulse

fires the SCR at an established constant time delay
Figure 8 shows the finalized circuit. The -2 kV from the system zero time.

bias can be obtained from the same plate transformer
providing the power to the modl' ator if a center- A variation of this technique may be employed
tapped transformer were av -te. In this case to generate variable pulse-width coded pulse trains
reverse-connected high vol rectifiers can be used from a fixed-width blocking oscillator by varying the
to get both polarities of voltage, turn-off time of the blocking oscillator pulse duration

through the application of a tail-biter circuit.
Fast switching MvCR-1336-9 thyristors are

used to switch up to 40 amperes of peak current in the CONCLUSIONS
tail-biter during the fall-time portion of the modulator
pulses. The saturable reactor Li delays the turnon The experimental results presented in this
of the SCR junctions to ensure low voltage drop and paper, based upon circuitry in use in military radar
uniform current density through the junctions. systems, shows that thyristors or SCRs can be used

successfully as tail-biter switches to provide fall-
The tail-biter action is initiated by a ZN3507 times of 100-200 ns. Extension of circuit techniques,

emitter-follower, which drives the SCR gates. Be- including voltage equalizing elements and corona
cause of inherent time delays in the turnon of the shielding, would enable SCRs to be used in super-
SCRs and a phase shift between primary and secon- power modulators in future radar transmitters.
dary voltages of the pulse transformers, resulting in
time delay in the time domain, the initiating tail-
biter pulse timing must be adjustable from the start
of the main pulse to a later instant as evidenced by
tail-biter action on the magnetron voltage fall-time.
Final optimization is made by observing either a
radar "A" scope cr PPI display.

VARIABLE PULSE-WIDTH BLOCKING
OSCILLATOR WITH 3CR TAIL-BITER

In radar systems featuring long and short range
mode* of operation, a single blocking oscillator is
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APPLICATION OF THE RSR SWITCH

R. A. Hill and R. A. Smith

Westinghouse Electric corporation
Baltimore, Maryland

SuM&EX modules allows easy replacement of individual section
capacitors in the event of failure. The design of the

The Reverse Switching Rectifier (RSR), a four modulator includes provisions for additional modulator
layer - two terminal solid state switch, has been techniques such as De-Q-inq regulation, Syntep (Syn-
successfully applied in several pulse modulator do- chronous Tap Changing), pulse leveling, and pulse width
signs. The modulators have demonstrated high relia- agility.
bility and have achieved a substantial reduction in
size and weight compared to conventional designs. Tests to characterize performance of the modulator
Thorough testing ha., been performed including exten- began with the 32 microsecond pulse width mode of
sive operation under load fault conditions. The RSR operation since this provided the highest duty. The
modulator design techniques are now being applied in initial tests showed excessive recovery time was re-
a number of new programs. quired by the RSR devices. This was caused by high

open circuit inductance (Loc) of the pulse transformer.
1. Introduction After reducing the Loc to obtain increased backswing,the

recovery time limitation was eliminated. Performance
Application of the Reverse Switching Rectifier specifications were then met at all desired PRY's.

(RSR) as a discharge switch in line type modulators All subsequent tests were made with no operational prob-
has been successfully established. Two high power, lea encountered.
solid state modulators using RSR devices were built
and tested to demonstrate the feasibility of low 3. RADC Lightweight Pulser
voltage, modular design. The primary goal of these
programs was to improve reliability and reduce size The "Lightweight Pulser" was developed under Air
over that of existing systems. In both cases, a 50% Force Contract for the Rome Air Development Center.
reduction in size and weight was realized with relia- Table 2 lists the operating parameters of the pulser.
bility greatly increased. Additional laboratory tests Figure 5 shows the module cabinet and the pulse trans-
have proven the RSR capability for high current, high former oil tank.
di/dt, and high voltage stack operation.

Twenty plug-in modules are used to obtain 10 MW
Figure 1 shows a block diagram of the modulators. peak power output. Each module has a 1.6 ohm pulse

It is a basic line type modulator circuit with the network which produces a 900 volt pulse at 560 amps.
addition of command charge, over/under voltage pro- The total power is combined in a single pulse trans-
tection, and system trigger timing. The module PFN's former having a turns ratio of 130:1. The pulse trans-
are DC resonantly charged from the power supply former oil tank adjoins the module cabinet. Individual
when the charging SCFs are switched on. The trigger module fuses, their indicators, and the trigger ampli-
timing circuit provides sufficient time delay for RSR fier are located on the door. Figure 6 shows the entire
recovery following each pulse. Protective circuits modulator and VA-145 Twystron load. The power supply
inhibit the command charge trigger in the event of a and charging circuit are contained in the smaller cabinet.
fault or improper circuit condition.

Although each module was thoroughly tested before
2. Navy Solid State Modulator assembly into the modulator, a switching difficulty

in the 20 module assembly was encountered. The cause
The "Navy Solid State Modulator" was developed of this problem was traced to excessive and unequal

under contract for the Navy Department Bureau of inductance in the trigger buss wire. Coaxial cable
Ships Electronics Divisions. Table I shows the was used to replace the wire buss and satisfactory
specifications of the modulator. Figures 2 and 3 trigger operation was obtained. After this connection
show views of the overall modulator and the module was made, measurement showed the overall modulator to
cabinet respectively, have less than 1 nanosecond of time jitter.

Eight pulse modules, producing a total output 4. Load Arc Considerations
power of 3.27 MW peak and 22.6 KW average, are lo-
cated in the cabinet with all electrical connections Tests were conducted to determine the effect of
made by quick disconnect plugs. The pulse transformer load arcs on the RSR switch. During a load arc the
tank is attached to the rear of the cabinet and shares peak current in a line type modulator switch nearly
a c4omon oil bath with the load resistor tank. A doubles and is followed by ringing. Although several
cooling system for the load resistor consists of an hundred load arcs occurred while testing the Light-
oil pump and liquid to liquid heat exchanger located weight Pulser at full power, there were no RSR failures.

beneath the cabinet. The power supply, controls, and In another test with a single module load, arcs were
comand charging circuits are located in an adjacent simulated by connecting a thyratron across the secondary
cabinet. Nodule detail is shown in Figure 4. The of the output pulse transformer and switching it during
pulse forming network is sandwiched between two fiber- the pulse. Figure 7 shows peak current conducted by

glass channels which also provide insulated mounting an RSR switch while operating in this circuit. Figure
for the MRt heat sinks, trigger capacitor, and module 7a shows a normal pulse with an amplitude of 1,100

fuse. Connectors are at the far and. The pulse net- amperes. In Figure 7b the thyratron is triggered on at

work coils may be manually juspered to provide pulse mid-pulse and in Figure 7c the load arc is simulated

widths of 16, 32, or 55 microseconds. Each network on the pulse leading edge. This produced a peak

hls a 3.5 ohm impedance and is rated for 2,600 volts, current of 1,900 amperes. These tests were performed
There are 26 sections per network and the capacitors at a PRF of 400 PPS.

utilize dry type insulation. Construction of the
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5. Device Protection The developments and program described above
all have utilized the RSR in the standard DOS recti-

Practical RSR switch assemblies use two or more fiar package. There is interest in both repackaging
devices in a series string. Switching is initiated the RS1 and increasing its power handling capabilities.
by applying a voltage pulse to a portion of the string The flat package nr hockey-puck design is an obvious
and depending on circuit energy to overvoltaqe the choice for a new package design which lends itself
remaining portion in an avalanche manner. Thus, the readily to more efficient series stacking and cooling
circuit being switched must have sufficient energy of the devices. Device voltage ratings of 1,200 volts
and voltage to trigger some portion of the string. and peak current ratings of 5,000 amperes are antici-
Without sufficient trigger energy, the device junc- pated for future RSR's.
tion area will not comletely turn on and failure may
result. On the other hand, if the voltage across the 7. Conclusion
string is too high, it will switch without an applied
trigger. Therefore, a voltage "window" detector is This paper has very briefly high-lighted some
used in conjunction with the command charge circuit of the modulator applications and developments uti-
to provide undervoltage/overvoltage protection when lizing the MSR which have been accomplished since the
charging the PIN module. 10th Modulator Symposium in 1968. In 1973, we find

the SR in new designs and its use ewpanding to new
Device recovury time is somewhat circuit depend- programs. Both the multi-odule design and the series

ant. This is particularly true in the event of a load string techniques are being applied where one or
art. When large ringing currents, are present in the the other offers particular advantages. 3oth claim
poet pulse period this tends to increase the conduc- improved reliability, smaller size, and lighter weight
tion time. In order to prevent reapplication of than corresponding thyratron designs in many applica-
voltage before the device has recovered, a delayed tions. The modular design offers the additional
comeand charge circuit is employed. In some circuits advantages of low voltage circuitry and continued modu-
which have a natural o~mutatnq characteristic with lator operation even with some module failures. We
enough delay, the cc.smand charge is not necessary. now look forward to new applications, taking advantage

of the RSR's high powe. capabilities, and look further
In conventional line type modulators, a damping ahead to even higher power devices.

resistor is used in series with the inverse diode to

dissipate network energy following a load short. 8. Acknowledgements
However, high voltage develops across the resistor
causing high inverse voltage on the switch. Care The "Lightweight Pulser" was developed under
mst be exercised in the design of an inverse clamping Air Force Contract F30602-68-C-0094 for the Rom Air
circuit to prevent harmful inverse voltage on the Development Center. The "Nodular Solid State Module-
switch following a high current conducting period. tor" was developed under Navy contract N0039-70-C-1506

for the Navy Department bureau of Ships Electronics
Other protective methods are general in nature Divisions.

and require only good design practice. Some of
these include proper heat sink cooling. equalized The authors would also like to acknowledge the
load sharing, device rating limitations, and proper substantial contributions of Edward H. Hooper and
mechanical installation. Howard S. Feldnsser on several of the programs

described.
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The developmnt of a solid state modulator was

recently started for an airborne radar. This design
uses a single series string of 14 2SRas and requires 1. R.A. Hill and W.R. Olson, "Lightweight, High
a minisuim hold-off voltae of 10 XV, and a peak cur- Power Modulator Uses RSR Switch Device",
rant capability of 100 amperes. The peak power is pp. 155-163, Proceedings 10th Modulator Symposium
500 IM. The modulator pulse widths are 0.5 micro- Nay 21-22, 1968.
seconds, and 2.5 microseconds with repetition rates
of 300 FPS, 500 PPS, and 1,100 PPS. The goal of this 2. Final Technical Report, PADC-TR-69-33, Harch,1949,
Program is to increase the overall reliability of the Rome Air Development Center, Air Force System
modulator. Command, Griffis* Air Force Base, New York.

A major program currently in the design and pro- 3. Final Development Report, Contract 00039-70-C-1506,
totype development stage utilies the modulator RSR 13 November 1970, Navy Department Bureau of Ships
technique for the Air Route Surveillance Radar, Electronics Divisions.
AMR-3, for the FAA. This radar modulator design in-
corporate# 20 SOX modules, each with four RSR's in 4. Technical Report, AF -TR-72-19, February, 1972,
series. Each module is resonantly charged to 2,600 Air Force Materials Laboratory, Air Force System
volts. The 20 MR module outputs are combined in a Command, Wright-Patterson Air Force Same, Ohio.
high turns ratio pulse transforer similar to those
used in the modulators previously described. The S. P.F. Pittman and J.. Brewster, "A New Solid State
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Average Power .................. 14 EN
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output Volta go ................. 122 KV
Output current ................. 93 Amperes
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TABLE I

NAVY SOLID STATE MODULATOR

PEAK POWER ......................... 3.27

AVERAGE POWER . .. .. .. .. . .. .. ............. g........ 22.5 K(W

OUTPUT VOLTAGE .................................... .. 78 K'V

POWER SUPPLY VOLTAGE .......................... 1,250 V

PRF .................................... ... .. ...... 300, 2101 75 PPS

PULSE WIDTH .... ............................. 16, 32 55 PSEC

PULSE RISE TIME ................. .................... . 1.8 $SEC

PULSE TRANLS. RATIO .. . .. ................. 68:1

NUMBER OF M ODULES ........................... ...... .. . 8

WEIGHl .... .... ..................... ...................... 1,000 LBS.
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FIGURE 2. NAVY SOLID STATE MODULATOR
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TABLE II

RADC LIGHTWEIGHT PULSER

PEAK POWER ......... . .. ...... ....... 10 MW

AVERAGE POWER .......................... .. ....... . .. 20 I(W

OUTPUT VOLTAGE ...................................... i. 120 KV

POWER SUPPLY VOLTAGE .................................. 1000 V

PRF ............................... e ... . ... 300 PPS

PULSE WIDTH ........................................... 7.5 -SEC

PULSE RISE TIME .................... ... .............. 0.6 ASEC

PULSE TRANS. RATIO ................... 130:1i

NUIBER OF MODULIES ..................................... 20

WEI1HT ................................................ 600 LS.
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LOAD ARC TESTS

NORMAL PULSE

500 AMP/CM

1 -SEC/CM

SHORT AT MID-PULSE

500 AMP/CM

1 ,SEC/CM

SHORT AT

LEADING EDGE

500 AMP/CM

I ,SEC/CM

FIGURE 7. LOAD ARC SURVIVAL TEST
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DESIGN CONSDERATIONS FOR SUPER POWER PULSE MODULATORS

Duard L. Pruitt

RCA Corporation
Government and Commercial Systems
Missile and Surface Radar Tlvision

Moorestown, NOw Jet -a

Design criteria are diacussed which are particularly FOM " Ri-t DEAY PULSE

pertinent to super power (igawattt peak, megawatts average) SUPPVV SMWu

artificial line-type modulatora. A sample design to illustrated
which uses 60 hydrogen thyratron switch tubes in 30 unit -)

modulators to supply 2.5 gigawatta peak power and 10 mes- T

watts average power. A concept physical layout is shown for I
----'4

the sample design.

Introduction

The requirement for power pulse modulators with out- A iun tam t I
puts of several gigawatta peak and several megawatts average
has created a new generation of design problems. Multiple
numbers of the largest available switching devices, in parallel
and/or series arrangements. are required to generate the To LOA

specified power levels. Technical and/or economic reasons SYSTEM TIMINGPRE-TRIGOEM UNT LA
may indicate use of even larger numbers of smaller switching 1UoAo
devices. Interaction among individual "modules" of a multi-
module modulator can cause serious problems, especially Figure 1. Block Diagram of Line Type Modulator for High
under ftilt conditions. Peak and High Average Power Service

"Exotic" methods of pulse power generation, such as system shttdown. This is an alternative to having a
explosions, cryogenics, mechanical motion, etc.. do not separate HVPS for each thyratron channel.
appear to be practical at thin time. "Hard tube" modulators,
using gridded vacuum tubes, are technically feasible and have Pods sabdoniatin of an m in
certain advantages such as timing versatility and ability to anode bombardment of the main switch by isolating

Interrupt fault currents during the pulse. Disadvantages i pulfe. Thi is an Important considration when the

elude a requirement for a large capacitor storage bank and a main switch is pushed to maximum operating limits
comparatively large cathode heater power requirement. In as required by very high peck and avera power
addition, economic problems arise when applying presently speifitoatios.
available tubes to the gigawatt peak power requirement.

4. 3 makes PFN/load match uncritical to main switch
Thus the artificial line type modulator appears to be the deionization, since residual PFN energy can diast-

best choice for satisfying the gigawatt requirement with pros- pate in the load or inverse clipper, allowing switch
ently available technology. The remainder of this paper wiU shutoff prior to recharging. This allows flexibility
be concentrated on design aspects of line-type modulators as of load circuit behavior.
related to the gigawatt peak power requirement.

S. It stabilize@ the charging level of the PFN by allow-
Artificial Line Modulator Features aIn period for removal of residual (post-pulse)

Delayed (or command) Charging energy on the P7N prior to recharging, regardless

Referring to the block diagram of a line type modulator of P71/oad match relationships.

as presented in Figure 1. the second block (item 2) represents 6. In a multi-chmel pulser, delayed charging permits
a circuit for delaying the charging of the main PFN following the option of staggering of the charging cycles of
each pulse. several P71Ne. This reduces the level of harmonics

The delayed charging switch function has been occasion- of the PRIP In the prime power system for a givenThe ela ! drlil swtch(untte hunbee ocuin-else ma~in filtr han, or covrely. llows use of
ally employed In the past In maulti-PRF type modulator sys- a maller main filter caacitor bank for ao v

tern. I uc n ctribute signifibantly to the o perting Stability harmonic level requirement. The main switches
must be able to withstand more lengthy periods of

1. By delaying recharging of the PFN following a pulse, intoterpulse voltage holdoff for this advantoge to be
It avoids tresl nthe main switches untilnecessary relitzed; i.e., the advantage of (1) above is compro-
to do so at PRFs less than maximum. This reduces mined. However, when a large number of obmnelo
spurious arcing of the main switches by making it in employed, a separate delayed charging switch for
unneossary for the swtches to hold off twice the each channel still promotes stability of operation,
power supply voltage for long periods of time. for once charging in completed for the given channel,It islates the NVPS from a mosin swith that doe ..

2. 9 separate hard-tube delayed charging circuits are prefilre thus avoiding system shutdown therwse

employed associated with each main switch, the osesme tu o iding tem sudown (Te es

hard tube may be out off when the associated thyra- caused by overloading the power supply. The cir-

tron area, thus Isolating the HVPS and preventing a cuitry can be arranged so that the faulted circuit

recover* prior to the next charging cycle.
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Charging Diode Pulse Transformer

A silicon charging diode (not shown) may be required For most practical modulator configurations, a pulse
for one of several reasons, depending on the nature of our- transformer is required to match the modulator output in-
rounding circuitry. For example, it has historically been pedance to a load impedance which is usually higher. For
employed to prevent back discharge of the PFN at repetition switches operating up to approximately 50 kV, the primary
rates below the resonant value. For very-high-energy pulsers impedance will normally be les than I ohm, necessitating
it can also serve to isolate the main switches in multichannel careful and clever design in the primary circuit to limit
systems; i.e., when several PFNs are charged from a corn- stray inductance to a value low enough so that required rise
mon source, separate charging diode assemblies for each times are achieved. A primary connection consisting of a
PFN will prevent other than the associated PFN from dis- multiplicity of flat-plate, parallel-plate transmission lines
charging into the load via a given switch. Finally, in modula- may be required.
tore employing bidirectional spark gaps as delayed charging
switches, it assures detonization of the delayed charging For super-voltage thyratrons, high-voltage spark gaps,
switch when charging of the PFNs is completed by effectively or heroic solid-state stacks for switches, it may be possible
opening the charging circuit after the charging current has to eliminate the pulse transformer.
stopped and the PFN voltage exceeds the source voltage.
When a triode, tetrode, or thyristor delayed charging switch Switching Devices for Line-Type Modulators
is used, a charging diode is not normally required.

Hydrogen Thyratrons
The Matched End-of-Line Clipper (EOLC)

Since the early days of World War II, hydrogen thyra-
The matched end-of-line clipper (4) includes a series trons have been the almost unanimous choice for line-type

arrangement of a matched load resistor and an inverse diode modulator switches. Today, thyratron designs exist for
assembly placed at the end of the PFN remote from the main anode voltages up to 160 kV and anode currents up to 10, 000
switch. It prevents voltage reversal on the PFN under condi- amperes peak and 15 amperes average. See Table I for a
tions of load arcing by draining the energy of the PFN in a representative sampling.
single pulse when the main switch end of the PFN is short
circuited. Significant inverse voltage does not appear at the Table 1. Hydrogen Thyratron Ratings
switch end of the PFN following the arc. This avoids stress-
ing the charging inductor (or delayed charging switch) to Maximum Ratings
three times normal voltage. It also tends to prevent arc-back epy lb lb Pb
of the thyratron switch following a load arc. Without the Type and Manufacturer kV kA A (109)
EOLC, thyratron arc-back Is normally caused following a
load arc by sudden complete reversal of PFN and switch HY-5 EG&G 40 4 7 160
voltage, immediately following conduction of twice normal CH-1191 Tung-Sol 50 4 8 72
current by the switch. KU-275 ITT 50 5 8 400

CH-1222 Tung-Sol 50 10 15 180
The end-of-line clipper may also contribute to a delon- GHT-9 M-0 Valve 35 5 15 100

ization process for the thyratron which avoids destructive CX-1175 English Electric 80 6 6 140
anode bombardment and prolongs thyratron life in a modulator CX-1192 English Electric 120 6 6 140
system which does not employ delayed charging. CX-1193 English Electric 160 6 6 140

ZT-7004 General Electric 50 4 7 55
Coaxial Load Cables

Experimental (Signal Corps) 250 4
The use of relatively large numbers of paralleled high- Propoeed (Signal Corps) 70 30

voltage coax cables to connect the pulse from the discharge
circuit to the load permits placing the load device distances
in the order of one hundred feet from the pulser without sig- For high duty-cycle service, the anode voltage (epy)
nificant deterioration of pulse rise time or shape due to cable and average anode current (1b) are the limiting ratings.
mismatch for pulse durations in the order of 20 microseconds. Applying a suitable derating factor, the average power capa-

bility per thyratron ranges from 125 kW (HY-5) to 420 kW
Charging Choke (CX-1193). Other factors enter into tube selection, of course,

such as price, proven performance, and cost of the auxiliary
The charging choke (Item I) performs the usual function circuitry.

of resonant-charging the pulse network to twice the supply
voltage. a will not be discussed further except to point out Thyratrons have a long history of reliable and satia-
that, in a large system employing a multiplicity of "unit modu- factory performance in radar systems. With suitable deratiug,
lator," the charging choke is one of the components which life of many thousands of hours has been obtained.
could be common to a number of unit modulators. In the limit,
a single charging choke can be used to supply charging current However, in systems using a combinution of may by-
to all of the unit modulators. Use of a single charging choke drogen thyratron switches, serious problems have been en-
in a multiple modulator system may negate some of the countered. For example:
advantages of delayed charging cited earlier.

1. An apparent need for a "warm up" period of many
seconds before stable operation is achieved.
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2. An occasional "pro-ftire" or "hang up" may shut Clearly, corona problems are the lesser using a pair of
down the entire system. equal electrode area 200 kV switches as compared with a

single 400 kV switch.
In continuous duty systems, the "warm up" requirement

(I) is hardly noticeable. while the "hang up" problem (2) can Perhaps the largest road block to use of spark gap* i
be handled by the techniques discussed in the section on the lack of life data in continuous duty systems at relatively
delayed charging. For intermittent duty applications, the high pulse repetition rates. For intermittent duty systems,
"warm up" problem is more serious, though Its effects can especially at low repetition rates, spark gaps are more
be minimized by use of a triode or tetrode charging switch as easily applied.
discussed in the same section.

Solid State Switches
Spark-Gao Switches

Two varieties of solid state switching devices appear
The use of a spark-gap switch or switches in a suitable to be serious switch candidates:

line-type modulator configuration offers as major potential
advantages system economy and simplicity as compared with 1. The RSR (reverse-switching rectifier).
the use of a large number of thyratrons. The economy and
simplicity result from the following spark-pp 2. High-speed gate-controlled thyristors.
characteristics:

The RSR was described in an earlier paper in this symposium.
1. High power capability per switch. Fewer switches

and fewer modulator channels. High-speed gate-controlled thyristors (SCRs) have been
developed, or are being developed, by a number of semicon-

2. High operating voltage levels, pulse transformers ductor manufacturers. The features which tend to be common
not necessarily required. to these developments are:

3. Simplicity of switch construction as compared 1. An auxiliary, built-in trigger SCR.
with thyrstrona.

2. Interdigttation applied to the interface between
4. Ready repairability of switches (in-field) including the "trigger" SCR and the main SCR GATE.

cleaning, electrode adjustment, and electrode
replacement when necessary. Using these techniques. di/dt of 1000 amperes Per

microsecond or more appears feasible in relatively large
5. Relative immunity to spurious triggering due to SCRs. Alternatively, small SCRs can be made to provide

relatively high trigger energy levels required. high di/dt rates without necessarily resorting to interdigita-
tion or auxiliary amplifying SCRs.

These advantages can be realized however, only when
development of high-energy, high-PRF spark-gap switches is Since solid-state devices are, by their nature, rela-
successfully demonstrated. Until then, important risk factors tively small and thus limited in power handling per device,
include: thousands of devices are required for the total switching

function of a super-power modulator. Thus the solid-tate
1. Spurious arc rate switch designer's problem is how to combine many devices

in series and/or parallel combinations to obtain an effective.
2. Electrode erosion reliable switch. Assuming he (the designer) can solve this

problem, the solid-state switch will have impressive
3. Rate of contamination of insulators by arc residues advantages:

4. Stability of detonization characteristics at high Solid-tte reliability
PRFs

No warm up; no overhead heater power
5. Potential cooling problems

Ultimately, small and compact
The Blmlein circuit may contribute to easing the spark

g design problem. Using a conventional circuit, the switch Crossed-Field Interrupter as a Modulator Switch
holds off 2 V and passes I to deliver pulse power to V x I;
i.e.. the product 2 Vt is switched to deliver power equal to The crossed-flold interrupter switch tube, discussed
the product VI. Using the Blumloin circuit, the switch holds in a previous paper In this symposium, has been proposed as
off V and passes 2 x I so a switch product of 2 VI also a very-high-power closing switch. Life considerstions would
delivers pulse power equal to Vt. It may be seen that although appear to limit consideration of this device to intermittunt
the sawe switching product In required using the Uumlein duty systems.
circuit, the maximum circuit voltage encountered i equal to
the load voltage; i.e., in a transformarless conventional con- HVPS system Features
figuration, a PFN charge at 400 kV is necessary to deliver
pulses at 200 kV. However, the PFN charge level is only Typically for very-high-power line-type modulators the
200 kV using the Mumtisn circuit. The spark gap designer HVPS system includes stacked equal-voltage rectifier circuits
must therefore decide whether his switch design is optimized driven by dual delta and wye secondary windings In the mainswitching twice the load voltage or twice the load current, rectifier transformer to provide 12-phase rectification. A
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high-speed protective circuit breaker at the transformer input tend to "run away" even under conditions of repeated load
protecta the silicon from fault overloads. An induction regula- arcing. With no main filter bank, crowbarring as a protec-
tor with one second speed and one per cent automatic regula- tion measure is not required.
tion based on sensing dc load voltage provides for voltage con-
trol and stabilization. Automatic tap changers or systems This is an economical versatile approach to PFN
such as the Glenn Pacific Variable Transformer Voltage Con- charging, attractive when the harmonica of the charging
trol System serve as alternative choices to the induction current waveform can be tolerated in the prime power
regulator. source.

Rectifier system load regulation is typically 5 - 10 per
cent and for continuous duty systems, transient changes in
voltage level during turnon and turnoff are acceptable. PO CIAHKY 41 YLcO

pm [CHRS I ~T 1 %

A filter capacitor bank bypasses the ac components of ,oWC- x o"Un CONOUTATIN30 INMANIXtl~gD~

the resonant charging periodic sinusoidal current waveform, "T'...Ha (oAMPNS
reducing harmonic currents of the PRF in the prime power
line current.

The capacitor bank size Is generally not critical to PFN
voltage charging level. With no capacitor bank, the repulation
impedance of the HVPS systems acts as an essentially non- LOAD
dissipative damping element In series with the charging In-
ductor and PFN capacitance. The circuit driving voltage is
the full open-circuit EMF of the source; i.e., there is no dc Figure 2. Economical Variable PRF. Lightweight,
voltage regulation component since the power supply current LTM with Low Loss Critically Damped PFN Charging
is a semi-sinusoid rising to its peak and returning to zero
each cycle of charging. The power lines conduct all the ac
components of the charging current waveform. Power Supply Crowbarring and Fusinz as an Alternative

The addition of a filter capacitor bank results in sus- A crowbar circuit is desirable or necessary in systems
taining the dc rectifier current from cycle to cycle, but the employing large inerg d storage banks to protect circuit cm-
ac components of charging current are bypassed around the pong frm tsored energy ban ts occruis is
power line source to a degree dependent on the filter size, particularly true in cases where a multichannel system Is
PRF, and system regulation impedance. operated from a single dc supply source, since the power

Harmonic currents in the power line may disturb tele- handling capability per channel is much les than the system

phone service in the vicinity of the prime power lines, or power available to cause damage under fault conditions.

cause interference with other electrical equipment served by Typically. a multiple-triggered ignitron is used to pro-
the prime power source or adjacent to the power lines. In tect very-high-power systems. Multiple triggering avoids
cases where a dedicated but marginally-sized prime power recharging of the filter bank following recovery of the crow-
generator is available to the modulator, the harmonic cur- bar prior to the main circuit breaker interrupting the fault.
rents may affect the system KVA requirement adversely or
distort the generator waveform significantly.

High voltage fuses may provide an economical alterna-
For typical applications where harmonic line currents tive to crowbarring as a protective measure, particularly for

may be troublesome, the filter bank may be made from 3 to laboratory type experimental equipment, or for equipment in
10 times the value of PFN capacitance, depending on har- which numerous full fault conditions are not anticipated. For
monic requirements. example, if vacuum tubes are employed to interrupt faults in

a multi-ohannel modulator system, fuses may be employed as
Critically Damped Charging Using the HVPS Impedance backup devices for occasional Instances in which the hard

tube also ares. Sometimes fuse blowing is deliberately
RCA has successfully breadboarded a system in which accelerated by triggering a small crowbar type ipitrn which

no filter bank is employed, and the regulation impedance of also shunts the fault current from the defective channel until
the rectifier transformer Is large enough (20%) to nearly the fuses blow.
critically damp the PFN charging rather than permit resonant
charging. Figure 2 displays this approach, employing con- Coremon Components in Multiple Channel Modulators
ventional notation for LTM circuits where appropriate.

The minimum number of required PFNs and line
In this approach to PFN charging, the rectifier diodes switches is determined by available switch ratings. The total

act also as holdoff diodes, permitting variable PRF operation filter capacitor bank size Is not significantly affected by
(including single shot) without the requirement for etra cor- modularization of the channels. However. the number of
ponenta. By allowtag 10% PFN voltage overshoot, the charg- HVPS units, voltage controls, circuit breaers, charging in-
lg period is shortened as compared with full critical damp- duotors, pulse transformers and other auxiliary circuit items
Ing. Charging efficiency approaches that of resonant charging, is optional between one common unit and N units (one per
since the circuit damping impedance is primarily due to corn- thyratron' channel).
mutation in the rectifier/transformer circuits and is largely
non-dissipative in nature. The PFN charging level does not
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A sound design supported by a backlog of experience, C CANOA 05 VAR M
but perhaps more costly than necessary, could include one ,tS ihs 9 3000 cawy

component of each type per channel. The system would em-
ploy N separate modulator systems integrated by an Intelli-
gent control system.

By Judicious choice of circuit technique, it may be c ,WL a oC SULYcI CCUm IOITV I - OUTPUT

feasible and economical to employ a single fully-rated corn- r- I -- i sK PHA$ XPI

mon unit or at least less than N units for some or all of the
major components mentioned. L

Sample Design i~l "~' ORE'MO____TTOM I'. -::ity 301 s

Electrical Design 11L

Table 11 gives the specification requirements for a IPAM

super power pulse modulator. Additional constraints include
use of state-of-the-art components wherever possible. A de- ADOITI. a i Y0J*DOTIO AL UNIT AWIeONL~l

tailed tradeoff analysis was made to arrive at a suitable MODULMWON , IVSI

choice for a near-future, coutinuous-operation modulator.

Table 11. Modulator Specifications Figure 3. 2.5 Gtgawatt Modulator

Peak Power: 2.5 Gigawatta
Average Power: 10 Megawatts To minimize size, weight, and cost, common ompo-
Peak Load Voltage: 200 Kilovolts nents are utilized to the maximum extent possible. Thus a
Peak Load Current: 12.5 KiloAmperes single large power-supply/capacitor-bank/charging-choke/
Pulse Width: 20 Microseconds crowbar complex is used. Thirty "unit modulators" are em-
Pulse Rise Time: 5 Microseconds Maximum ployed with two thyratron/pulse network combinations per
Repetition Rate: 200 Pulses per second unit modulator, and one charging tetrode per modulator. As
Duty: Continuous Operation discussed earlier, individual control of the delayed charging

tetrodes allows isolation of a faulty unit modulator without
necessitating total modulator shutdown. A single matched

Table MrT is a repeat of the thyratron types shown in end-ol-line clipper is used for each unit modulator to prevent
Table I. with added data pertinent to the design under con- inverse voltage at the thyratron anodes or charging tetrode
sideration. The required number of thyretron channels varies cathodes. An overmatched load is utilized to minimize thyra-
from a low of 26 (CX-1193) to a high of 85 (HY-5). tron anode dissipation.

After further tradeoff studios, including thyratron tube Provision for reversing the output polarity is included;
cost and auxiliary equipment cost, the KU-275 type was also, provision for using thyratrons other than the KU-275.
chosen for the sample design. Figure 3 is a simplified ache- Specifically, a "twice-average-current" thyretron can be
matic of the modulator designed to met the requirements of substituted for the pair of KU-275's by connecting a link from
Table 11. X to X'. The KU-275 thyratrons are not directly in parallel.

but are isolated by the pulse network impedance.

Table Ml. Hydrogen Thyratron Comparisons

Maximum Ratings Proposed Operation
spy lb 1b Pb spy lb lb Pb P/Tube N N

Type and Manufacturer kV kA A (109) kV kA A (I0) MW min Prop

HY-S EG&G 40 4 7 160 36 1.75 7 12.6 0.126 80 85
CH-191 Tung-Sol 50 4 a 72 44 2.0 8 17.6 0.176 57 60
KU-275 1TT 50 5 8 400 44 2.0 8 17.6 0.176 57 60
CH-122 Tung-Sol 50 10 15 180 44 3.75 15 33 0.33 31 33
GWT-9 M-O Valve 35 5 15 100 30 3.75 15 22.5 0.225 45 48
CX-1175 English Electric 80 6 6 140 65 1.5 6 19.5 0.195 52 S8
CX- 112 English Electric 120 8 6 140 100 1.5 8 30 0.300 34 38
CX-1193 English Electric 160 6 6 140 140 1.5 6 42 0.420 24 26
ZT-7004 General Electric 50 4 7 55 44 1.75 7 15.4 0.154 65 70

Experimental (Signal Corps) 250 4 220 1.0 4 44 0.440 23 25
Propoed (Signal Corps) 70 30 62 7.5 30 93 0.93 11 is
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A single output pulse transformer accepts pulse powr ROTAPI NIACHIN

from the 30 unit modulators in parallel. An autotransformer onSE
configuration with DC core bias is Used to obtain an optimum N91A

palse transformer design. 5000 VAC
3 PHASE

Figure 4 shown an alternative DC supply and charging
circuit for lightweight systems. A relatively high frequency CIRCUIT
alternator supplies three-phase AC power to a step -up plate MAKER

transformer sad rectifier. (If desired, a dual system could
be used with 6 and Y secondary rectifier circuit. connected+ 8V yz 1/a
In series to obtain a 12 phase ripple.) Air coe reactors in PLATE RECTIFIER oC
the AC line limit charging currents. No capacitor bank or KFMA 0 I
charging choke Is used; the charging waveform In that of an ow
overdampied resistive charging system. However, since the AI OR 6
damping impedance is inductsnce in the AC line, there are RATR

no resistive losses. Staggered charging intervals can be used
to reduce peak loads on the AC source.

Physical Layout
TO MOO4JLATOR CIRCUITS

Figure 5 presents a concept of one of several physical (SAME AS FIG. 1)

layouts considered. The unit modulators are arranged two
high ad two wide in a mirror image relationship on either
side of a pround wall. light of these foursomes are arranged Figure 4. Alternate Charging Configuration
In a straight line, with the output pulse transformer located
in the middle. A ground shield surrounds the entire modulator
Complex, -Eaking intimae contact with both vertical and hori-
zontal Internal wall.

I IPLAN 7
I,-' I I VIEW

N"ION VONLAGE I
I OUTPUTPULSE I

TMNIOE I I

N ODUL ATOP I

I INTERFACEI
I I ENCLOSUREI

IMTIAL rPAALLEL. END VIEW

IILE

1.~~ IHRTO NO 3. C14AMINO ITR

2. THYRATMON NM. a 4 FLOATING DCK ASSEWSLY

Flgure 5. Layout Concept
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This configuration contains spaces for 32 unit modula- Aoknowledgments
tore, two of which could be standby or operating spares. The
modulator outputs are connected to parallel plate tranemis- The author wishes to acknowledge the extensive use of
sion lines as shown in the figure. Thus eight primary pulse material originally gensrated by W. I. Smith, RCA MSRD.
transmission lines lead up to the pulse transformer (four Also, use was made of ideas contributed by W. R. Mayhew.
from either side). The pulse transformer output is conducted RCA MSRD.
to the load via three parallel 50 ohm coaxial cables. The
entire 10-mogawatt average-power modulator complex (less This paper Is based on studies performed for the U.S.
HVPS and charging choke) is housed in a space 12 feet high, Air Force under contract No. F30602-73-C-0151, Rome Air
20 toot wide, and 50 fet long. Development Center. Griffse Air Force Base. New York.
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Cant Daniel M1. Strickland

Cant William L. Heatherly

Air Force Weapons Laboratory
Kirtland ArE, N.'I.

Introduction This circuit is shown in a pseudo-electrical/phy-
sical schemtic in figure 1. This configuration shows

This report presents the results of an Air Force a single pulser module driving a Parallel pltte trans-
Iespons Laboratory (AFWL) program to develop a comact, mission line simulator. Figure Z shows how this
high-density erengy storage system to satisfy various module might look physically. If one needed more vol-
electrgnetic pulse (EM4 simulation requirements. tage md/or energy, the modules could then he con-
Such requirements rn from small, l-W ground-hased figured into a distributed source array of n series
simulators to elevated or air-stquported simulators and m parallel elements. Figure 3 shows a 2 X 2
producing tons of megavolts. Based on studies per- array of modules producing twice the voltage and fou
formed during the High Altitude Simulation OAS) Pro- tines the energy of a sinle module.
gret and reported in the IP-HAS report series, it
was concluded that the most versatile and promising The key element in such a distributed source
pulse generator system for matching this broad range module is the Marx generator which not only must he
of requirements would utilize a Marx Renrator and of ultra-high time precision to allow the modules to
"distributed" peaking capacitor circuit.' be Properly time phased, but which also nst be c-

Pact, liqhtweight, and low inductance, especially for
The two main constituents of such a system are a the larpe elevated system. The other elements of the

Marx generator and a peaking capacitor, system are certainly ismortant but the technology for
such item as the output switches and peaking capac-

1) A Marx generator is necessary to initially itors has been fairly well advanced by other nroqrus.
generate the very high voltage required and to provide The module structure which must also be lightweight
a store of energy that will produce the low-frequency is unioue to the Particular system and cannot he
components of the final output wave. The Marx genera- designed universally. Consequently, the hulk of our
tor is a method of storing energy at a relatively low development effort was directed towards the "arx gen-
initial voltage and, by very fast gas switching, to orator for a comact, hiah-density, distributed
connect army parallel capacitors in series to generate source module.
a short impulse of extremely high voltage. The advan-
tages of an impulse generating system such as the rx The result has been named the 'lo!ectile Marx to
renertor are that flashover or voltage breakdown with- indicate that it is a building block for assembly of
In a system is absolutely voltage and time dependent. larger system. Although the system described here
herefore, it is possible for some applications to was designed for Z ' V, the modular nature of the Marx

impulsively generate very high voltages and remove the itself allows for variation of design outnut and
voltage from the load or test object prior to the energy storape. The 2 'IV, lR-kJ Marx weighs 460 lbs
occurrence of a flashover. This phenomenon is prin- tor a density of 39 joules ner Pound, the highest ever
cipally due to the finite transit time of the stremers achieved. The Niarx operates at a stress of I Vr/m in
that initiate the conducting currents which result in ambient atmospheric pressure SF6 , has an inductonce of
system flashover. See references 2 and 3 for a more ROO nh/M, and can he erected with a jitter (WE) of
detailed discussion of Marx generator theory. less than 10 nsec over a 7:1 voltage range.

Z) A peaking capacitor, which is a mall but very The design details nresented here are intended to
fast energy store, provides the high-frequency content enable one to fully understand the nhiloonhy and
of the wave and enables one to achieve the required practice of huildin corncet, hiah-density Marx an-
very fast rise time. The distributed peaking capacitor erators. The "!.blecule" design is extremely flexible
is umique in that it is matched to the general shape of allowing for many diferent choices of stage voltage
the system into which the pulse is to be lariched and, and energy, number of states, tynes of capacitors and
in effect, becomes a part of the wave guide.* There- resistors, and construction materials. Since indi-
fore, if the impedance of the distributed peaking viauol requirements differ it is most likely that
capacitor is sufficiently low to pass the wave front, the reader will adant the Molecule desix, to his Porti-
then transit time effects within the peaking capacitor cular needs rather than troduce a carbon copy. Indeed,
itself will not affect the basic rise time observed on the Marx described here is only a prototyne; it is not
the generated wave shape. A smooth transition between a nolished, production engineered unit. (nsequently,
the fast or high-frequency components of the wave and a detailed drawing nackage does not exist which could
the tail or low-frequency components is accomplished he used to exactly renroduce this Marx with no other
by initially charging the peaking capacitor with the information. However, if arv Xmv wishes to obtain
Marx generator. Wring the course of the chareine of details of the Molecule Marx desire wbich could not
the peeki" capacitor, the inductance of the loop he included in this renort, additional drawinrs are
formed by the Marx generator and the peaking capacitor available for reference at the Air Frce 0earns
is charged to the desired output Teak current level at taboratory.
the tim the mmm output voltae of the system
appears on the peking capacitor. Wban this condition
is achieved, that is, the voltage on the peaking
capacitor Is equal to the desired outwut and the Circuit
desired output current is flowing in the loon induc-
tance, the main output switch is closed mid the wave The 2 MV ?4olecule 10m- is shown schemtically in
is lamned into the system. figure 4. Table I given the caonent paramete sth
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respect to the schematic. The Marx consists of 20 leaks. These mechanical problems were cmpounded by
stages, of 100 kV each, which are balance charged; an electrical problem. To prevent external flashover
i.e., the two capacitor terminals are charged to nlus from the main electrode connections to the trigger con-
and minus SO kV, respectively. The balance charging nection, it was necessary to cement acrylic barriers
required that the first and last caitors he isolated to the outside of the hawing. These joints were
from gromd during charging. one technique for doing troubleso m d had a promensity to arch through tiny
so is to use untriegred half-gps or switches which. bubbles in the cement. Consequently, a new set of
operate at half the voltage on the full, triggered switches was fabricated with an injection molded Lean
switches. In figure 4 the half-gaps are those marked hosing (figure 9). In this new design the external
S1 and S21. The triggered switches operate with a insulation is nart of the housing, thus eliminating
total gap spacing of 0.243 inch and a trigger electrode glue joint problem; the end caps are simple plugs
is positioned one third of the total gap distance from which are glued in with PS-30 acrylic cement; and the
one electrode. Thus there are effectively two Raps housing is molded with internal flats for 0-rings of
formed by the three electrodes and the long a is gasket sealinq of the electrode connections. In addi-
twice the length of the short gap. tion the capacitor connections are insulated from

adjacent ones by an overlapping portion of the homing.
The trigger pins are connected in an I,3 confiR- The switch tongue is cemented into a socket on the beck

uration, i.e., the pins of each switch are resistively of the housing. It is this tongue which fits into the
connected to the pins of switches three stages away. slot in each stage tray, roviding mechanical support
This technique has been called a '$Urtin" 4= after as well as insulation for the stge switches.
J. C. Martin, who developed the technique, of the
Atomic Capons Research Establishment, AlderImaston, Electrodes. The main switch electrodes are fl-
Eneland.3 The Martin technique has been adopte in lory M -FUM~with hemispherical ends. They are
all the passively coupled, ultra-high precision Marx mounted in the housing with a flat heed screw which
generators known to the authors. seats in a countersunk hole in the cavacitor connector

and threads into the electrode. A mall flat is ground
Structure on each side of the electrode for holding with a wrench

while tightening. The pas seal is presently provided
The Molecule Marx is assembled on a rigid skele- by a thredseal 0-rinAg located between the flat end of

ton. All comonents can be installed or removed with- the electrode and the molded flat on the inside of the
out disassembly of the skeletal structure which con- switch hoing. This causes two problem, however.
sists of fur basic units: stage trays, stage spacers, First, the 0-ring will not fully compress to wake a
tie rods, mid and plates. A bottom view and side view metal-to-metal contact between the electrode and the
are shown in figures S and 6. metal part of the thredsal. This results in an error

in gap setting unless the electrodes are ground off
Capacitors slightly. Second, the metal part of the thredseal is

electrically floating with a "M between it and the
The basic capacitor used in the Mlecule Marx is electrode. Consequently, during Mrx charging this

shown in figure 7. It is a 100 k, 0.18-pfd unit with gp arcs and reduces the stability of the switches
a density of 100 joules per pound. The internal con- with a reduction in self-breakdown voltage. In addition
struction of a generalized capacitor of this type is the lifetime of the switch housing is degraded by the
shown in figure 8. arcing and failure occurs from an internal track around

the wall of the witch. The operating data resented
Became the head of the capacitor was not designed in a later section were all taken with switches which

to hold off 100 W externally it was necessary to make had this problem, and the results are discussed rela-
the following modifications. First a Celcon or Delrin tive to this problem. However, a design modification
barrier was hot-air welded to the existing head. This is being imlemented to correct this problem. The
barrier in theory provided all the insulation needed thredseal will be removed comletelv and an 0-ring
to operate at 100 kV in SF6. However, to ensure grove cut in the flat end of the electrode to provide
against a bad weld joint, Qhich would produce a flash- a direct seal with the switch body. The edge of the
over md domage the capacitor, sheet insulation was flat end will also be rounded slightly to reduce field
added to each side of the head. one sheet is a piece enhancum nt. This geoetry will then be nearly Ident-
of 10-iI W'lar, md the other is a commrcial dielec- ical to the original prototype geometry which used
tric sandbich of 3-il of polypropylene between 2 epoxy to seal the screw threads directly. Internal
sheets of 1-il Kraft paper. The dielectric sandwich switch dimensions were the same as in the molded
sheet is placed in contact with the capacitor terminal housing, and no internal tracks were observed after
to allow the paper to grade the static charge distriu- mei thousands of shots.
tion near the terminal. Connections to the capacitors
were made with receptacles which attach with screws to The trigger electrode is a tungsten carbide
the existing capacitor rail terminals, scriber point mounted in a threaded brass rod. Since

it is expected to erode more rapidly than the main
To prevent the compression of the Marx colum from electrode, it was designed to be quickly removed

dmaging the capacitor bodies, a thin strip of 1/4-inch externally and replaced with a new one as necessary.
sponge rubber was glued to the cases. The robber not
only cushions the capacitors but also provides unog Connections. The electrical conmction between
friction to hold then in place with no other supports. switcEa '!ca1tor is made with the connector shown

in figure 9. This piece is penrma ntly attached to
Switches the switch during assembly ard mates with the capac-

itor by being plugged into the capacitor recetacle.
H . The original prototype switches utilized In other wards, durting the Marx ass _ly the switches

am ac"TI housing with end caps held on by nylon are conmected electrically and mchniically by simply
screws. After saw use at high pressure these screws being iluped in. Connection to the charing chain
would shear and have to be replaced. Additionally the is made through a pin which is prossed into the can-
electrodes ware held in position by threaded rods which nector. A flexible resistor plugs Into this sun old
scrIed into matching holes in the hosmin. These another pin located on the grading rings. Comections
threads were sealed with epan and tend to develop to the trigger pin are made via the buss bar at the
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bottom of the switch. The trigger pin is threaded electrode held in place with a Panduit strap, one
into the buss bar which is mounted to the switch with electrode of which mates to a erading ring plug mid
nylon screws. Banana or pin plugs are screwed into the other which mates to the nin on the cartacitor con-
the buss bar for resistor connections. nector.

Grading Rings The trigger resistors are also constructed of the
silicone elastomer tubing and utilize similar elec-

A novel split-ring technique is used for grading trodes which mate with banana nlugs on the switch buss
the 'Mlecule" Marx generator. While conventional lars. The manufacturer can nroduce the elastomer in
rings are electrically continuous and operate at a almost any shape desired with rsistivities from
single potential on each ring, the split rings are In-ohm-cm up to lOA,n000-ohn-cm. %.th the sideways
divided into two sections separated by insulating resistors and trigger resistors in the Molecule Marx
spacers (figure 10). One section is electrically con- utilize a ln-ohm-ci material, hut a higher resistivity
nected to the top of its associated stage switch, and is required for the main charging resistors. Although
the other section is connected to the bottom of that the wirewotnds are satisfactnry for the main chareing
switch. Thus, one full-stage voltage apnears between resistors, It is intended that they too he renlaced
the sections during charging, but after switch by the resistive tubine as soon as suitable material
closure (during erection) the sections equalize in is received.
voltage.

Operatipe Pata
The ring sections (figure 10, Piece No. 1) can be

fabricated from any material suitable for conventional Ambient Insulation
rings, e.g., electrical conduit, aluminum tubing, or
copper pipe. The shape can either he rectangular, as The Molecule Narx onerates in an bient environ-
shown, or circular depending upon the particular Marx ment of atmospheric nressure pas. tp to SO kV per
design. The cross-sectional dimensions are chosen to stage, or 1 W output, the ambient gas can be air,
provide adequate spacing between the rings and the but above this level a hard gas such as SF6 is recom-
Mlarx core. mended, however, because some evidence exists which

indicates that Freon 12 forms conductive decomrsition
The section spacers (figure 10, Piece No. 2) can products in a high corona environment. After sustained

be fabricated from any high-dielectric strength operation in Freon 12, a thin layer of a soot-like
material and can either be molded as one piece or material (probably a carbon nroduct) builds up on
formed by gluing several pieces together, takine insulator surfaces and can nroduce a flashover. No
necessary care in the positioning of glue seas. In such effect is noticed in FF6-
the prototype Molecule Marx, for example, the spacers
are made by gluing o rubber cane tips to a poly- Inductance
ethylene disc. The spacers must provide a snug,
friction-fit around the grading ring. A metal plug Inductance was determined by measuring the ring
is inserted to terminate the tubing in a round end to frequency of the Marx firing into a short circuit.
shield the sharp edges which could cause an arc through After subtracting the contribution from circuit loon
the spacer. The rings are supported on the Marx inductance (calculated by a technique in ref. 5) the
structure in any desired position by dielectric rods. effective inductance of the arx was found to be
Electrical connections to the rings are made by appro- approximately 1.6 microhnries, or 8n nanohenries
priate techniques such as soldering, clamning, or per stage. This value is consistent with that obtainedwith threaded inserts such as Molynuts or Rivnuts. by calculating the inductance contributions of an indi-

vidual stage (Table IT).Resistors
Jitter

Two types of resistors are presently used in the
Molecule Marx: wirewounds and a conductive silicone The jitter of larx erection is basically a measure
elastmer tubing. The wirewounds are used as primary of the variation in erection time of the Marx. Although
charging resistors. Five, 2000-ohn Dale RS-10 wire- absolute erection time is difficult to measure it can
wounds are soldered into a string, fitted with brass be relatively definted as the time between anplication
and terminals, and slipped inside a plastic tube. A of a firing signal and voltage first anmearing across
panduit strap is clamped around each end of the tibe a load on the Marx. The technioue used to measure
to hold the string of resistors in place. The brass Mblecule .arx erection jitter is a standard one which
resistor terminals have holes drilled in them which involves displaying the trigger signal and the output
mate onto banana plugs attached to the grading rings, waveform on the same oscilloscope trace (figure 11).
Since the rings are split they provide convenient The trigger signal is used to triger the oscilli-
attaclment points for both the positive and negative scope. If the signal is identical from shot-to-shot
charging chains. The stage capacitors are then and the oscilloscope properly adjusted, repetitive
either hardwired to the grading rings or connected displays of the trigger signal should result in per-
through another resistor string. This sideways fectly overlaping trigger signal traces. Any non-
resistor connection is preferable because it dams overlapping of the arx output signal then represents
erection transients which might otherwise overvoltage jitter.
the inter-ring capacitance and produce an arc between
grading rings. However, the sideways resistance Durinq jitter measurements the net effective
net be small compared to the main stage charging delay in the trigger signal circuit was about S mno-
resistance so that proper grading of the Marx is seconds. That is, if S nsec are added to the time
maintained after erection, between the triger sional and Marx output as measured

on the oscilloscone, a measure of the erection delay
In the Molecule Marx the sideways resistance can be obtained. FIgures 12 through 19 show five

connection is made through a short piece of the con- shot overlays of the trigger siarwl and the Marx out-
ductive elastomer tubing with 1/4-inch ID, 3lB-inch put for various chargine voltages and switch pressures.
OD, and a nominal resistance of 1000-ohms. Each end The first short, triangular .ignal is the trigger
of the tubinp is fitted with a female receotacle signal to the Marx differentiated by the trigger probe.
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The second slowly rising signal is the Marx output Air Frce eapons Laboratory. Kirtland APB, HM, March
measured by the voltage probe. In all cases the Marx 1971
output was negative and the trigger signul was pos-
itive (trigger cable charged negative). The trigger Baum, C.E., Editor, Pulsed Electrical Power Note
signal is displayed negative because it was inverted Series, Air Force Weapons LaoratorY, AartiW Ar:, NM
by the B input of the 1831A direct access plug-in.

The RES-K Pulser - An Electrical Analyst$, PAR 70-12,
Using figure 12 as an ex mle, the delay on the PUlsr Associates, Inc., is Jolla, CA, December 1970

scope trace is approximately 70 nsec, and adding the
S nsec trigger input delay yields an erection delay
of 75 nsec. In figure 13 the total erection delay
is only about 35 sec because the switches are being
operated at a higher voltage and they fire more
quickly than at the lower voltage. This relationship,
however, does not necessarily hold if a different gas
is used at the higher voltage.

The series of eight traces show representative
performance of the Marx between 14 kV and 100 kV per
stage, or in total voltage between 280 Wc and 2 ?NI.
(In reality the Marx will erect reliably as low as
4 XV per stage, or 80 kV total, with 0 psig air in the
switches, but the erection jitter is quite high.) The
worst jitter is indicated in figures 18 and 19, which
show a t 10-nsec spread about the mean value of delay.
The jitter in figures 13, 14, 1S, and 16 is unmessur-
able, and even in fig=re 12 is quite low (about ! S
nsec).

As mentioned previously, these data were taken
with the switches which used a "thredseal' to seal
the main electrode connections. Because of the
instability produced by arcing between the electrode
and the metal part of the "thredseal" it was noc-
essary to heavily pressurize the switches and use a
high percentage Of SF6 to achieve voltages above
70 kV. Consequently, the jitter increased. It is
felt that once this problem is rectified, the low
jitter performance can be maintained over the full
operating range. Even so, the %arx presently operates
with better than 10-nsec jitter over a 7:1 voltage
range (14 kV to 100 kV) which is adequate for many
requirm ts. A now set of switches which will
correct the top end instability is presently being
fabricated, and new data will be published when they
are available.
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PULSE ,ENERATORS AND MODULATORS
FOR LASER APPLICATIONS

L. N. McClusky, E. L. Roy, W. H. Gurley, C. H. Bowden,
A. H. Werkheiser and Charles Cason

US Army Missile Comand
Redstone Arsenal, Alabama 35809

Suary . Design Details

A high voltage pulse generator has been constructed The circuit shown in Figure 1 was used. It contains
for laboratory use in powering a high average power four idential Marx generator sections of five stages
pulse laser. The pulse generator has three 500 kVA each. Synchronization is obtained by coupling the lower
power transformers, a 3-0 rectifier and four mechani- stages through a single switch. There are separate

cally synchronized 5-stage Marx generators. At 70 kV switches for all other stages. Charging of the Marx
charge voltage 7350 J are stored. Instabilities in stages is through parallel resistor networks from a 70
the laser load are observed at approximately 70 kV kVdc source. Values of components selected for the
charge. Very satisfactory 4 second operations of the design are as follows:
pulse generator have been achieved at a PRF of 50 pps
which corresponds to an average output power of 280 kW a) R1 - R - 16 kohm (eight 2 kohm, 200 w
at 300 kV peak. in series)

Modulator requirements applicable to pulsed alec- b) R41  R - 3.2 kohm (five P, in parallel)
tron beam augmented gas laser are described. A range
of parametric examples are given for three groups of c) C1 - C20 - 0.15 4fd, 100 kVdc (0.1 4fd and
lasers typified by three electron beam options - cold 0.05 4fd parallel)
cathode, plasm cathode and hot cathode. Requirements d) S1  S specially constructed witch.
are set in relation to 100 kW average laser output 1 19

power delivered from the various example laser systems. The rsistor networks vera selected to achieve capacitor
Pulse repetition frequencies are in the range 10 to
2500 pps. Three example pulse widths, 2, 20, and 100 charging inthree time constants at 45 pps. Resistors

microseconds,* are specified. Average pulse powers used in the upper and lower capacitor legs are standard

delivered to loads range from 165 to 670 kW. The 200-watt wirewound units which are on the electronic

difficulties to be met in achieving certain pulse supply market. Each charge leg contained eight resistors

drive conditions are illustrated by a simple R, L, and in series to withstand maximum output voltage from the

C circuit analysis where inductance as low a 0.27 Marx circuits. The design subjects charge resistors to
microhenry will be required in a modulator circuit 10 times their norvAl rated dissipation for the 20-second
delivering 500 kW to the load. In specific examples, run durations at m&ximim charge voltage and PRF. Tests

delierig 50 kJ t th loa. I spcifc eampes, on these resistors showed that here is sufficient heat
pulse voltage requirements are as high as 250 kV. onteerstrshwdtathr isufcntet
Pulse currents run as hi gh ar 50,000 amperes. capacity and convective cooling during the 20-second

overload periods to withstand this service.

1. Laboratory Pulse Generator for an Axial Three-foot diameter rotating discs having cosmatating

Pulsed Gas Laser bars mounted on each disc gave an equivalent air blastto avoid the "arc-hang" problem. The physical arrange-

A. Desian Objectives ment is shown in Figure 2. Each disc serves two switch
sections except for the center disc which serves the

There is an increasing need in the pulsed gas dis- synchronizing function. Four 1-foot long commutating

charge laser field for high performance pulse generators bars were mounted on each disc so that the ganged switch

capable of driving large laser devices under a variety assembly could provide a 30 pps switch rate at 750 rpm.

of conditions and configurations. The ganged switch discs are rotated by a variable speed
dc motor capable of delivering up to 30 horsepower for

Recently the need arose for a generator to drive short run durations. At the 50 pps output rate, which

four axially pulsed CO2 laser tubes which were optically is equivalent to 750 rpm, windage and friction loadsare about 20 horsepower.

coupled in series. Performance objectives of the pulse

generator were as follows: The power supply arrangement is shown in Figure 3.

Three 500 kVA substation transformers were used in
a) Output sections - 4 independent, synchronized reverse to step up from 4160 volts. The three-output

operation phases were wired delta to furnish 70 kVdc from the

b) Discharge voltage - 300 kV/section three-phase full-wave rectifier. Since large sise
reactors were not available, vluage variation over a

c) Output energy - 1400 joules/section continuous range could not be obtained. Ballast
d) PRF - I to 5O pps resistors were used between the transformer output

connections end the rectifier input as added protection
e) Run duration - 20 seconds maximum against catastropic breakdown.

f) Maximim average power to load - 280 kW. C. Pulse Genrator Performanc

The performance objectives were based on discharge of
a 0.03 microfarad capacitor into a single laser tube. The pulse generator wea tested using laser tubes
Design objectives called for rapid construction of the as loads. Additional charging resistance wa used to

pulse generator, using standard, readily available soften the circuit in term of power supply loading.
components wherever possible to eliminate a developmt The power supply transformars were wired for deltalac. output giving about 70 kV charge voltage. Figures 4
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and 5 show charging voltage and current traces at 11. Projected Pulse Generator and Modulator
11.5, 18, and 25 pps. The relatively slow responses Reuirements for 9-eam Lasers
shown on these curves are due to heavy filtering in
instrumentation circuits required by the Marx circuit One objective of this paper is to identify
generated electrical disturbance. At 11.5 pps, there characteristic E-bea laser electrical requirements.
is a noticeable lag in buildup of charge voltage. While this cannot be done for the general case, specific

Referring to the current trace, it can also be seen examples may be cited which are useful to illustrate the
that there is abnormal persistence in charge current, range of parameters anticipated. Chosen laser examples
This is evidence of "arc-hang" at the lower switching are based on currently planned CO2 laser requirements.
speed. With switch speed increased to yield 18 pps Details of the laser kinetics used to establish the
output, there is only a slight tendency toward "arc-hang. Wth urter with spec ncraseto 5 ~present example requirements are described elsewhere.hang". With further swiltch speed increase to 25 pps

output, there is good clearing of arcs. For the
preceding tests, charge resistance remained fixed. A. K-Beam Laser Descriotion

Pulsed electron beam lasers can be placed in threm
Remedial masures for "arc-hang" conditions are groups for purposes of identifying pulse drive require-

further demonstrated by the results shown in Figure 6. ments. These groups are characterized by the type of
This illustration is a composite photograph of switch electron beam gun being used - cold cathode, plasm
performance under different charge resistance and hode, or hot cathode. Past experience has beam
switch velocity conditions. Approximately eight switch almost entirely restricted to use of hot cathode guns
pulses are recorded in each photograph. The pulse rate in pulsed gas lasers. Use of cold cathode g is

was held at 20 pps in each case. Figure 6(a) shows rn sad the ly in a inld shode Authoig

a severe 'arc-hang" condition on every pulse. The recent and then only in a single shot mods. Although

switch disc rotated at 5 rps for this case. In Figure no large plasma cathode guns have been tested, they

6(b), charge resistance was approximately doubled and potentially have desirable characteristics for laser

"arc-hang" occurred about every other pulse. In applications and undoubtedly they will receive

Figure 6(c), two cormutating bars had been removed increased attention in the future.

from the switch disc and switch speed was doubled to
10 rps. Charge resistance was the same value as used Figure 8 is a sketch of a typical cold cathodefor Figure 6(a). Switching action is acceptable. K-gun and laser cavity structure. A plaso cathode K-gu
for Figure 6(). Swi ge tin was approxately is very similar to the cold cathode type. The hotIn Figure 6(d), charge resistance a s eridely cathode electron gun is physically larger thn the other
doubled. Here, ideal switching action is evident. tyeancnbehogtfasn ltraLquvet
By judicious selection of charge resistance and types and can be thought of as an electrical eqivaletswitchto a grounded anode, hh voltage triode, or tetrode.
awcmvelocity, pulse rates ul generator The laser cavities can be thought of as identical for
accoodated in this laboratory pulse generator, the three types of electron guns and electrically

independent of these guns except for a special case
Figure 7 shows typical output voltage and current that will be explained later. The lasing process is

delivered to the laser load under normal laser dis- controlled by the electron beam. The primary electron
charge conditions. The current trace represents total beam passes through a foil window separating the gun
current delivered to four laser tubes which would be vacuum chamber from the gas in the laser cavity. Sam
about 55 amperes per tube. When discharged into a of the laser gas molecules are ionized as the high
low resistance load or a severe laser arc, a generator energy electrons move through the laser gas. The
section rings at about 150 kilohertz. This represents secondary electrons become a conducting platm between
a total circuit inductance of about 38 microhenries. the drift field electrodes. As electrical energy from

the applied field is dissipated in the laser gas, a
The original four-section pulse generator has very large fraction of this energy excites laser levels

recently been modified to provide two-output sections. by secondary electron-molecule collisions. The gas
Each section has eight stages and is charged to 70 kV releases laser radiation and is also heated, thereby
maximum. Due to recall of the borrowed 500 kVA power generating the weak shock waves shown in the figure.
transformers, the pulse generator is now powered from This type of process has been used ti CO 2 CO, OF, end
two small laboratory power supplies. These power other electric lasers.
supplies will support only a 4-pps output capability
from the pulse generator. Operation of this modified B. Conceotual Modulator Systems
version has been on a very dependable daily basis.

Experiences with the "-rx-based pulse generator Figure 9 is a simplified block diagram of the
indicatedreiale anh stisfatory opeationupto modulator arrangement for a hot cathode electron beam

indicated reliable end satismclery operation up to laser. The electron gun is essentially a final stage
50 ps uinga rlatvel simle otaingswich, modulator device requiring grid drive. Since the gun

Performance of the generator did not falter even under cathode is held at a hih negative dc voltage, the

near short circuit output conditions caused by arc grid modulator mast float at this potential. The drift

discharges in the laser loads. This pulse generator field or laser cavity most be pulsed snchront ously end

design represents a quick, relatively inexpensive and

reliable solution to some experimental requirements probably with a small time delay from the electron gun.

existing at the time. Although this particular For drift field dimensions greater than about 5

generator design did not leand itself to compact centimeters, the required pulse polarity is positive.

packaging, two major size reduction measures can be For dimensions lose than about 5 centimeters, the

undertaken. The switch can very likely be miniaturized preferred pulse polarity is negative.

through use of an ST6 gas environment. Insulating oil Figure 10 is a simplified block diagram of the

can be used to reduce space requirements for resistors modulator arrangement for cold and plasma cathode
and capacitors. In the future, performance more refined electron beam lasers, The electron guns are essentially
than that offered by the basic Marx circuit will be passive loads which must be driven with negative polarity
expected of pulse generators to meet requirements of pulses. The drift field is normally driven with
the never generation of electron beam controlled gas positive polarity pulses for large laser cavity dima-
lasers. These requirements are discussed in the sions and with negative polarity pulses for inll
following sections of this paper. cavity dimensions, as in the previous case. There is
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a distinct possibility that the drift field of cold the circuit assume an idealized series switch that
and plasma K-guns lasers may be made to self-switch interrups the circuit at the end of the pulse, which
merely by pulsing the electron gun. This technique is described above. The cold cathode Sun would be
has not yet been adequately investigated. Should the controlled by a switch or more likely by a PI. The
technique be feasible only through reduction of drift drift field is assumed to switch off when gun current
field potential to a point that laser performance is turns off. Although in practice there will be a fairly
severely degraded, then the pulsed drift field will long tail in the drift current, it quickly drops below
be preferred. a significant level as the electrons recombine, and

therefore it does not carry a significant quantity of
C. Laser Examples and Assumptions energy.

Three model laser types were chosen based on E- Table I sumarizes the results of the example
beam gun capability. The cold cathode gun can supply lasers assumed.
a peak current density in excess of I amp/cm

2 . There
are difficulties in operating this gun for pulse

periods exceeding 2 microseconds. The hot cathode III. Analysis of a Simle Laser
gun is limited to peak current densities of about Modulator Circuit

20 mA/cm 2 and therefore does not produce a sufficient The first step in designing a CO2 laser modulator
current density to operate a laser for pulse periods
less than about 30 microseconds. Although the plasma system is to choose a specific circuit. The simplified
cathode Sun works well and supplies the required beam circuit as shown in Figure 11 was assumed as an exaple
current density to operate from 2 to and beyond to case. The basic switching system is not specified.
microseconds, large guns have not been built and tested.
The pulse time widths chosen typify a special capa- Referring to the figure, ELL is the resistance of the
bility of a gun type and cover the main time widths ionized gas which is time dependent and controlled by
which may be of interest. Pulse periods of 2, 20, and highly nonlinear processes. Assume that it is a con-
100 microseconds were chosen as examples which are stant during the discharge time to illustrate the
proven to be useful for the cold-, plasma-, and hot- current-voltage domain of interest. The gas is assumed
cathode gun, respectively. ionizied by hot or cold cathode E-beam guns for compari-

The example laser size is determined by the son for modulation requirements. Let Rs be the source

output optical energy and electrical conversion resistance. From elementary circuit analysis the
efficiency. An assumed 100 kW average optical beam capacitor voltage, V, as a function of time, during
power was required at pulse rate of 10, 50, 1000, discharge, is
and 2500 pps, depending upon the type of gun example
chosen. Pulse widths of 2 and 20 microseconds can o-T. sinhf
support a 20-percent conversion efficiency and 100 V0  + cosh
microseconds a 15-percent conversion efficiency, all
at 6 kv/cm at I atm. Output energy densities of 50 r

2  
for r < I

joules/liter of active laser volume are assumed as a
high practical value based on experimental data. The V- Voe (1 +-) r = I
resulting assumed systems are: (1) cold cathode, 0
50-PRF 40-liter volum having a drift field electrode+co(, 2and matching electron beam area of 2.66 X 103 cm2 and Voe sin co r I
a 2500-PRF 0.8-liter volume with a corresponding area 0 r 2 -
of 283 cm

2
; (2) hot cathode, 10-PRF 200-liter volume

with an area of 8.9 x 103 cm
2 

and a 1000-PRF 0.2-liter r > I
volume with an area of 200 cm

2
. The cold cathode gun (1)

current efficiency is assumed to be 20 percent with where
a 0.5 A/cm transmitted current density while the hot
cathode Sun efficiency is assumed to be 25 percent
with a 0.001 A/cm2 

transmitted current density. A -c (R1 + RL)t/ZL (2)
large plasma cathode Sun ex-aple is not given because
detailed information on its operational characteristics
does not exist, and

The input electric pulse energy required by the 2
Sun is controlled by pulse width and beam voltage. Gun r 4L/(R + RL)2 C • (3)
yield is a desired current density in a specified beam
area. A square wave I - V characteristic is assumed
for the energy required because it closely approximates The voltage across the load resistance is
the expected pulse shape, having a 95-percent voltage
rise over 10 percent of the pulse width followed by a -T - r .

10-percent drop in voltage and then an unspecified 2V. RL e0 sinh =1_2 1)
tail. The input electric energy and corresponding ' for r < I
voltage and current into the laser volume are based (R 4 + L) 1-I
again on the volume, area pulse width, and conversion

efficiency. The s m  idealized square wave assumption, 2V° !6 T , e
pulse shape, etc., made for the gun electric require- VL - ( r I
ments are also used for the laser pumping electric 1
requirements.2V .T (Tr-

The simplest circuit which one could assume was r > I
used to determine the general range of capacitance and (R s + LL),/ 

r
7

inductance which one could expect. The assumptions for (4)
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A family of curves is plotted in Figure 12. This 0.2 V? R
figure is a graphical representation of Equation (3) 2vi) , , (l0
with some modifications. The term "normalized voltage"-- p (Re + RL)r
which appears in this figure represents V/Vo0, end

"reduced time" represents - of Equation (2). In this For the particular choice of r and v
manner, Equation (3) can be plotted as dimensionless p
quantities. 0.926 R, V .

Similarly, Equation (4) is plotted in Figure 13. (VL>a, - gi + RL
The only difference here is that the "normalized
voltage" refers to and

0.857 itL Vo 2 to0

V (R +0) (12).V (- + R (R. + RL)2

Equations (5), (6), (7), and (12) are all that are
required to define RL, %, L9 and C for given tp and Vo .

The load current and voltage are required to meet
certain pulse shape characteristics. The required rise V ° is the maimum voltage on the capacitor and is usually

time is such that the load current or voltage reaches a derived quantity rather that a stipulated one. The
95 percent of its maximum value in 0.1 t (tp pulse laser system usually defines the drift field voltage,

pp
length). The allowed voltage droop on the capacitor but, from the above, the voltage is just /VTXavg
is 10 percent. There is only one value of r which Therefore, from Equation (11), V can be derived from
mets this requirement (Figures 12 and 13): o

the drift field voltage.

r a 0.12 (5) There are other quantities of interest once the
values of L, ats L, and C have been determined: () an

For this value of r, a 10-percent capacitor voltage AW, and P, where (1)". is the average current flowing

droop occurs at through the laser gas during a pulse, AV is the energy
supplied by the capacitor for each pulse, end P is the
average power supplied by the capacitor. In each case,

r -r - 15 (6) the equations which will be derived would have to be
P modified if crowbaring techniques were used:

To uniquely define the four parameters Ris 3,L, L, and

C, two more relations are needed. (I )av (13)

The mxman power transfer condition W 0 is the initial energy on the capacitor

is a A (7) 1 2 (14)

is assumed. The lest relationship required can arise If D is the decimal equivalent of the specified
from a commnly stipulated parameter. Let ED equal droop (0.1),

the amount of energy deposited in the laser cavity
per pulse: 2

E D ,, . (8)
AL 0.19 Wo (for D - 0.1)

This simplo relationship is possible because the load (15)

resistance is assumed constant. VL is a time varying If f is the pulse rate of the modulator system
quantity and must be averaged over one pulse length. P

V °  22L a' sinh - r 1) dt P - &W f p (16)(v,.> Av Ti P (Is + gL
- P p (l+.).l amolo 1

2 V 1 r~ j Drift field voltage n 100 kV (va,

T (Ms +RL)r
2 

1 Eergy deposited in laser cavity per pulse -

104 J - D

+2lse length a -. microseconds
+cash) Pulse rate - 50 pulses/eeooed.

I14

ONE ,



Employing the above equations: Examle 2

Drift field voltage w 12.5 kV -, VL) S
V -,216 kV

0
Energy deposited per pulse - 200 J - D

ALm 2f a is PI ulse length 2 "sect tp

Pulse race - f - 50 pulses/seep

L a 0.267 baenry

V a 27 kV
0

C - 4.64 gfd

(ZI), - 5 x 04 -

L " 0.0855 henry
W a, 1.08x 105 J

,O -- 2.06 x 104 J/pulse 
C - 14.46 4d

P P 1.03 MW 
()avs 10 4

VI " 5270 .7

It oust be realized that the calculated values 0

mrely represent the mezimm inductance end minisam
capacitance allowed. For larger inductances, smaller * a 1000 J/pulse
capacitances and changes in the values of RL and Ra

will result in a lees than an optima situation with
less energy being deposited in the laser cavity. P - 0

TABLJ I. RIQUIRITS FOR IDEALIZED LASER MOZDULATOR DESIGQS

Gus Modulator Drift Field Modulator

Gun Type Sg Wd Pasm

PF (Us) 50/2500 50/2500 50/2500 10/1000

Voltage (kY) -250/-140 +100/-17 +100/-L7 +1351-12

Orreut (kA) 6.7/0.7 50/5.9 5/0.59 0.75/0.083

Rerly to Load, %LL(k/) 3.3/0.2 10/0.2 10/0.2 67/0.67

Pulse VIdeh (osec) 2 2 20 100

Pulse IUset me*

Pulse Drom**

Power to Load (k)t 165/500 500 500 670

Dhty Cycle 0.0001/0.005 0.0001/0.005 0.001/0.05 0.001/0.1

in Durationtt

Maim L (ga) 5/26 0.27/0.38 38.5/26.6 180/140

1lnimm C (Iafd) 0.2/0.05 4.6/3.2 3.2/4.6 17/22

"95 voltage at 107. of width.

10% of voltage.
tAvrage

?20 seconds.
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HIGH VOLTAGE PULSE GE4ERATORS FOR KICKER MAGNET EXCITATION

D.C. Fiander, D. Grier, K.D. Metzeacher, P. Pearce
CERN, Geneva, Switzerland

I. Suary proposed
1
. The first was a bunch by bunch transfer in

which the 20 circulating bunches of the CPS would be
The fast ejection facilities at the CERN 28 GeV fast ejected one by one, in a total time of 1-2 milli-

proton synchrotron (CPS) are being continually expanded seconds. For such a scheme, it was proposed to employ
to meet the increasing demand for fast ejected beams, the full aperture kicker magnets already mentioned but
The paper describes three new pulse generator systems excited from pulse generators of much higher repetition
for the excitation of the kicker magnets of these faci- rate. Laboratory tests were made on prototypes and are
lities. Firstly a pulse generator for the fast ejection reported in section 4. The second transfer scheme was
from the CPS of any desired number of the twenty circu- a "continuous" extraction of the beam during 10 or 11
lating proton bunches is treated. This equipment can CPS revolutions. This transfer is achieved by a program-
perform up to six ejections per machine cycle with a mable fast orbit bump in conjunction with electrostatic
minimum interval of 25 milliseconds. Extensive life and electromagnetic septum magnets. As such an extraction
testing of the principal elements such as thyratron system was untried on any of the world's large accelera-
switches, cable pulse forming networks and pulsed reso- tors, it was decided to mount a full scale trial on the
nant power supplies is reported on. CPS. This proved successful and the decision was taken

to employ "continuous"extraction for the CPS/SPS trans-
Secondly the paper describes the development of a fer. The pulse generators for the excitation of the pro-

pulse generator for the transfer at 50 usec intervals gramable fast orbit bump magnets used in these trials
of single bunches of the proton beam from the CPS to are described in section 5, together with the proposals
the new 300 GeV machine (SPS) in construction at CERN. for the final equipment which must be installed in 1975.

Finally the development of a programmable eleven
step pulse generator for the CPS/SPS transfer is des- 3. Pulse fenerators for routine
cribed. This generator allows the shaving of the CPS fast election from the CPS
beam during eleven turns, and because of the CPS/SPS
diameter ratio, allows the SPS to be uniformly filled. 3.1 Operational requirements
Cable pulse forming networks and thyratrons in a series
chain are used to produce the programmable "staircase" The Full Aperture Kicker (FAK) system is the fast
waveform which is required. Its satisfactory operation element of the fast ejection process. If this process
during beam ejection trials is discussed. is to have high efficiency, the field rise time of the

kicker magnets must not exceed the protou-free interval
2. Introduction between bunches of the circulating beam. Furthermore if

partial ejection of the beam is required, then the field
Fast extraction of the accelerated proton beam of fall time must satisfy the same condition. In the CPS

the CERN 28 GeV proton synchrotron (CPS) has been a rou- the bunch interval is 105 nsecs and the bunch length
tine operation for the last ten years. The extraction foreseen for high intensity operation (1013 protons per
is performed, in the main, by the combined effects of 7ulse) is 30 ns. Theoretically, the FAK field rise and
two elements, a relatively fast but low powered magnet fall times must.not be greater than 75 ns; in practice,
known as a "kicker", and a relatively slow but high the design has been based on 5-95 2 times of 70 ns.
powered magnet known as a "septum". The kicker magnet Up to six ejections are required per CPS cycle, with
induces a betatronic oscillation in the circulating a minimum intervl of 25-SO is. The pulse length ust be
beam; with correct phasing of kicker and septum, the adjustable so as to eject from I to 20 bunches per ejec-
beam which has been kicked posses inside the aperture of tion. The kick strength of the system has to be adjust-
the septum magnet and is extracted from the CiS. The able such that constant beam displacement is obtained at
beam which has not been kicked continues to circulate the septum magnet over the full energy range of fast
outside the septum magnet aperture and is unperturbed, ejection (typically 10-28 GeV/c).

The original kicker magnets of the CPS were of the
reduced aperture, plunging type, i.e. of an aperture 3.2 Choice of system
smaller than the minimum necessary at injection. In con-
sequence, these could be plunged forward into their work- The choice of system to meet these operational re-
ins position only after the accelerated beam had shrunk quirements is further influenced by the available space

in size. This undoubted complication from the'achaical for magnets on the CPS beam line, by arbitrary high vol-
standpoint had the important advantage of requiring a tage limits and by the performance and reliability of
lower pulse voltage for magnet excitation, the high voltage switching.

The continued expansion of the fast ejection requi- In order to obtain the required kick strength in
rements and the increase in the accelerated beam inten- the specified rise time, at reasonable levels of pulse
sity and emittance highlighted the shortcomings of this generator voltage, it is necessary to employ a modular
plunging magnet system in terms of field rise time, fle- magnet system. In this way, the total kick is the sun of
xibility and useful aperture . In consequence, the deci- the individual magnet kicks whereas the excitation vol-
sion was taken in 1971 to include in the CPS improvement tage is limited to that which is necessary to establish
program a new static full aperture kicker magnet system the field in a single magnet. An arbitrary pulse forming
which would efficiently undertake the future fast ejec- network (PIll) charging voltage of 80 kV was set, result-
tion programme. It is the pulse generators of this new ing in a 9 magnet system.
kicker system which are decribed in section 3. The best field rise time is obtained from a delay

The decision to construct the 300 GeV accelerator line single turn magnet. The performance of such a magnet
(SPS) on the CZUW site at Geneva permits the CPS to ful- is however significantly influenced by the choice of o-
fit a further role as its injector at an energy level of racteristic impedance due to parasitic inductance in the
about 12 eV/c. Two possible transfer schemes were pro- capacitor branches. Sest performance is obtained from
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magnets of high Zo. Unfortunately, the machine space Fig. I shows the schematic diagram of the pulse
occupied by the system increases linearly with Zo. This generator for one magnet of the multi-magnet FAX system.
conflict between machine space and performance was re-
solved by the compromise choice of Zo - 15 ohms. 3.3 PUN Desian and Performance

The FAX system therefore required 9 identical pulse Low attenuation $as impregnated polythene tape cable
generators of Zo t5 n, PUN charging voltage 80 kV, pulse is used for the PFN. Its tubular inner and outer conduc-
length variable over the range 105-2100 ns and minimum tars are respectively of copper and aluminium. The di-
pulse/pulse interval of 25 mas. The current rise time electric consists of 60 lapped polythene tapes, pressu-
into an ideal load had to be sufficiently fast so as to rised to 9 atmospheres with SF6. Semi-conductors are
met the specified field rise time, taking into account avoided at the dielectric/conductor boundaries in the
the propagation delay of the magnets, chosen as 55 ns. interests of low attenuation.
Heasurements showed that the field rise specification
could be met provided the pulse current rise time (10- The chosen cable impedance of 15.0 Ohms is not ideal
90 2) into an ideal load did not exceed 33 ns. from either voltage stress or attenuation standpoints

but a single cable is preferred to a parallel system of
Spark gap switching would have ensured a fast cur- higher impedance cables on account of mechanical simpli-

rent rise time but was rejected in favour of thyratron city. The cable outer diameter is 54 ma, this being
switching on account of jitter and voltage hold off pro- judged the upper limit from the point ol view of bending
bleme which were anticipated with a 25 ms pulse inter- radius and installation. The resulting attenuation is
val. The required rate of rise of current, about 90 pe- 0,44 d3/lO0 metres at 10 MHz and the maximum electric
rs per na, was considerably in eaess of the tube mak- stress 13 kv/mm.
er's published rating but was felt to be attainable
with careful thyratron housing design. The cable artenuation distorts the pulse derived

from the PFN causing droop of the flat top and a "tail"
Two options were available for pulse length vari- after the pulse fall. The flat top droop is proportional

tion. The first, as used for the existing CPS fast ejec- to the per unit cable attenuation and ,pulse length.
aon

2 
nd also that of Sarpukhov

3 
, employs an artifi- -or the chosen cable, the droop is 1.4 2 for the longest

cial PrN with three switches - a main switch for the required pulse of 2100 ns.
pulse front, a short-circuiting switch or "clipper" for
the pulse tail and a dump switch for discharging any The "tail" of a pulse derived from a PUN is normally
residual line energy into a terminator. The second due to the deformation of the "off" step function by two
option is to use a very good quality cable PFN switched traversals of the cable. In the case of double ended
by a main switch at one and for the pulse front and a switching, the tail is due to the deformation of the dump
dump switch at the remote and for the pulse tail. It was switch step function after single traversal of the cable.
this second option which was chosen as it was felt to The double switched PFN therefore has loss "tail" than a
give greater simplicity and hence greater reliability, single switched PFN. The "tail" is sensibly constant
It also reduced the number of expensive thyrstron swit- irrespective of the pulse length - this is not a disad-
ches in the system. vantage in a kicker magnet system where the field oust

fall between proton bunches irrespective of the number
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previously ejected. Typical "tail" amplitudes for the reference. The charging voltage of the primary electro-
system are 2.5 Z at 100 ns and 1.5 Z at 200 ns. lytics is then adjusted step by step to maintain the PYN

The pressurised cable is ionisation free at 70 kV voltage within a dead-band of 0.2 kV.

RZ4S 50 Hz. The gas pressurisation also allows compact

terminations to be used, minimizing the mismatch in 3.5 N.V. swiching

impedance. The PTH cable termination is shown in Fig. 2. Both the main and dump switches are triple Sap ce-

ramic envelope thyratrons, type CXll71. The switching
performance of the CX1171 meets the requirements for
the project provided that the Pl is recharged from a
pulsed resonant supply. Under these conditions, the 10-
90 Z rise time for the required current of 2.7 kA is

between 28 and 30 no. Jitter, including low and inter-
mediate voltage electronics, is generally less than

6 ns. Certain tubes exhibit approximately twice this
jitter when now, there being a distinct jump in anode
delay time for certain pulses. The result is that the
pulse rise on multi-exposure photographs is presented
as two separate bands. This effect usually disappears
after the tubes have pu.,ed a few million times (Fig. 4).

Fig. 2 - PFN Cable Termination

3.4 Power Supply ,(he :Witch
(no-' rbe)

The power supply for recharging the PFN is shown 0_ k__/__.

in Fig. 1. It is basically a pulsed resonant system
using a step up transformer to couple a primary elec-
trolytic capacitor to the PFN via a KV diode. The PFN
charging time is 3.7 ms. Typical recharging current and
voltage waveforms are given in Fig. 3.

rufl-in tube)

may500 A/di- Oos

Protq 62 WVdj,. riaa ' Pulse rit im a, nd iter

20 f/div.

rov UT f The use of slow recharging power supplies is not
recommended because the tubes break down spontaneously
during the recharging period. This can be prevented by

lowering the reservoir voltage but then the fast pulse
rise time is lost. Fig. 5 demonstrates this effect;

In order to make full use of the transformer care anode voltage is plotted against recharging time for a
r tertiary winding with d.c. bias is provided. This constant reservoir voltage and spontaneous breakdown
tertiary circuit also controls the transformer back- rate.
swing and determines the mininim permissible pulse to
pulse interval if core saturation is to be avoided.

'Doorbell" module diodes rated for 200 kV are used
to isolate the PFN from the power supply. This has the ue$ l w issasaop , ,M
advantage of avoiding transformer saturation should the 1 Vg tnsoe s a sA mm m

PM1 fail to be discharg i. The operational flexibility "Blomm SM S
between power supply trigger and PFN discharge is thus 0

much greater than in a directly coupled system. An f-C
filter is necessary to protect the diode stack from the 0

fast dump swicch pulse. 0

Pkltiple shot operation is achieved by using mul-tiple primary electrolytic capacitor banks ih ind vi- s
dual thyristors. These banks are recharged during the
CPS cycle which has a minims duration of I second.

The short term stability of a given shot fre-A cycle ma
to cycle is better than 2 per oil. However, thermal
drift from a cold start over the first few hours of op.- ,.. pe m
ration can cause a 2-3 % variation in output voltage for 0 41 u 0 #14 0 GA W M U , I '

fixed primary capacitor voltage. This problem is over-
come by a step by step servo which compares the P11 vol-
tage measured by high voltage divider against the preset
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Fig. 6: CX117I Main Switch fig. 7 - Cll71 Dump Switch

The main switch assembly is shown in Fig. 6 with tive coefficent of 0.3 Z per 
0
C. Minor alteration of

one of its protective covers removed. The gas filled the resistance value is made by adjustment of the cool-
PFF cable is connected on the right and the transmission ing oil temperature. Resistance stability both during
cables leading to the magnet are in the bottom left hand the pulse and from pulse to pulse is excellent.
corner. The CX1l71 of the main switch operates with A very similar type of terminator is uLid for ab-
floating cathode. The heater, reservoir and grid 1 sup- sorption of the pulse transmitted to the magnet.
plies are derived from an insulated Faraday cage (visi-

ble on the face of the equipment). This cage is supplied 3.6 Proving Tests
with stabilised 220 Volts via an oil insulated isolating
transformer. Adjustment of reservoir voltage and hence For the purposes of verifying the pulse generator
rise time is possible with the equipment pulsing .  performance and for life testing its components, the

The CX1171 is lodged in a coaxial housing ef 162 m circuit of Fig. 8 was constructed. This allowed the
diameter. The dielectric between tube and housitl is a
mixture of oil and epoxy resin cylinders. Forced oil
circulation is used to maintain the dielectric strength
and remove heat. The initial oil filling is made under
vacuum. PSI

Grid I is d.c. primed at 100 mA. A photoelectric/ 2K
levice enables the grid 1 current to be used as an inter-
lock inthe P71 charging circuit. Grid 2 is pulsed via I - -

1:1 inverting and isolating transformer. Typical grid T3 -/ 1. 2
2 rise time is 50 ns to 1000 Volts unloaded.

Voltage division across the series gaps of the
CX1171 is effected by chains of 2W carbon mass resistors,
the total resistance per gap being 14 M. Capacitive cow- TA7
pensetion of this voltage divider is not necessary for 2,2K
the P11 recharging time of 3.7 as.

The dump switch assembly is shown in Fig. 7. This PS2
assembly embraces not only the CXll71 tube but also the KU
15 0 dump resistor and the high voltage components of
the pulsed resonant power supply. The dump switch and
dump resistor are so arranged that the tube operates
with grounded cathode. This simplifies the supply arran-
Smets for the tube heater, reservoir and grid 1. In TT
other respects, the dump switch design follows closely F PJ&S OMRAM, W CAW
that of the main switch with the same choice of dielec-
tric snd forced oil circulation.

The 15 Ohm dump resistor is a large carbon mass
assembly which uses 1 n Norganite discs. Fourteen discs
are stacked with interleaved porous metal washers, the
assembly being kept under 400 kS load by a compression pulsed resouant powe r supplies (PSI- 3 shots/cyclo
sprin. Cooling oil is delivered to a central oil Sal- Ps2 ed6 shots/cycle)r phre cable ' , fi e "tcc -
Lary pasing axially through the stack. The oil is for- ing- 6ssots/cyle) tree c able Tetermonat-
ced through the porous metal ashers, effectively cool- thyratrone operated as main switches and three as duming the discs on all faces. The resistance has a nega- switches. Further two main switch thyratrons TI, T2 had
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their cathodes coupled, this in order to prove the ar- Commissioning tests will start in September. As
rangement which would be necessary if bunch by bunch the pulse generator design follows very closely the
transfer were chosen for the CPS/SPS ejection system. successful equipment used for the proving tests, it is
It yes found thac tubes TI and 12 were able to withstand not anticipated that major problems should occur. One
the pulse inverse voltage provided that their respective spare pulse generator has been built and commissioned.
PFN's were not charged. The system was operated on a one It has served for kicker magnet testing. The pulse out-
second cycle, PSI furnishing 3 pilses at 50 ms intervals put into a matched load is shown in Fig. 10.
followed by 6 pulses from PS2, again at 50 ms intervals.

The tests were carried through to the stage shown
in Table 1. Tube failures were limited to two, T3 and T4
both due to filament failure. High voltage failures were
limited to two breakdowns in solid polythene flexible
cable used for coupling terminator RI to the gas filled 200 no/di.

Pu.lse amplitude 4.0 k"cable transmission line. As will be seen from Table 1 , 5 *a
moar major components survived nore than 8'00O hours of
operation and 108 pulses. Further there was virtually no
fall off in switching performance of the tubes either in ig. 1 ? Puls C lt sicd la
respect of rise time or jitter.

Table 1

Position Tube Type Filament Pulses x 106 Remarks
Hours

_ 4. CPS/SPS Bunch by linch
TI CXl171 7176 70,3 Transfer Pulse Generator

T2 CXl171 6530 113.2

failed- The bunch by bunch transfer method between the two

T3 CX1171 9421 109.3 heater synchrotrons in only an extension of the well tried sin-
O/C %le bunch fast ejection process. The proposal was there-

fore to use the FAX magnets reported on in the previous
failed- section but excited by fixed length pulses derived from

T4 CX1171 6833 124,3 heater separate short PFN cables charged toAO kM. The major

O/C difficulty anticipated for the process lay in the switch-

T5 CX117I 8006 144.0 ing performance at high repetition rates, bearing in
mind the specified interval of 50 us between ejections.

T6 CX117l 12220 203.5 Further problems were anticipated in developing power
supplies capable of rapidly recharging the PiN's. Labo-

ratory models were constructed to verify that the dif-

3.7 Present State of Project ficulties could be overcome.

The project is in the state of final assembly with 4.1 General description of Pulse Generator

a view to its operation for beam extraction in early
1974. The kicker magnets have been built and tested in The complete scheme foreseen for this form of CPS/

their vacuum tank and will be installed on the beam SPS transfer is shown in Fig. Il.The short cable PMl's
line in September 1973. Performance meets the design
specification except in respect of the remnent field.
This will be corrected at a later date by replacing

certain of the magnet ferrite C-cores witb better mate- PA

rial.

The pulse generator construction is well advanced. needed.
(Fig. 9).

(2T = 105 ns; Zo =15 n) are switched by C1154 tubes
into their respective FAJ magnets. Further the CX114
cathode is coupled to that of the C11171 of the slower

repetition rate Pulse generator reported in section 3.
All 9 short PINl's are recharged from a single fast
cycling power supply.

For the purpose of laboratory tests only one short

Tia. Final assembly of FAX pulee generators PYN and CX1154 switch were built. Nowever in order to
provide a representative load for the fast cycling
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power supply, an additional PPN cable and switch were

added so as to bring-up the total PIN cable capacitance

to that of 9 short PFN's (Fig.12). The CX1154 was moun-
tad in a low inductance coaxial housing similar in de-
sign to that of the CXI171 already described.

PV% a VI §A=UQ 03 AS0AL O

:' "- - (MA I.~~ M WANA IM

Initially two solutions were retained for the fast SM sTLUa pIY
cycling power supply, although both involved the prin-

ciple of resonant charge. The first was resonant charg-
ing from a storage line of wave propagation time exceed-
ing the whole ejection process (i.e. > I ms) using a
CX1154 tube as the switching device for controlling the using a 4 mil strip wound silicon steel core transformer
instant of recharge. The second was by resonant charging of low leakage inductance. It is able to charge 40 nF
via a step up pulse transformer, the energy being stored to 40 kV in 14 us and the transformer backwing is suf-
in 20 primary capacitors having individual thyratron ficiently fast for the supply to be used at 50 us inter-
switches. After preliminary laboratory trials, the long vals without causing core saturation. The primary caps-

storage line solution was abandoned in favour of the citors are 1 uF, switched by 8503 thyratrons. Again
pulse transformer because the latter was more reliably for economy reasons, only 4 primary circuits were pro-

controlled and switched. vided for tests.

In fact, two variants of the pulse transformer
were constructed for the laboratory tests. The first4 is 4.2 Results of Laboratory Tests

shown in Fig. 13. It uses a ferrite cored pulse trans- rt was possible to produce a train of up to can
former, the secondary being directly coupled to the P pulses into a matched load at 50 us intervals using the
load. Pulsed premagaetisation is employed to obtain a ferrite cored pulse transformer pavr supply. Similarly
core flux swing from - 2 kG to + 3 kG. The transformer a train of up to four pulses could be obtained from the
core retovery system involves a quarter turn tertiary steel strip cored transformer power supply. With suit-
winding with diode and damping resistor together with an able adjustment of reservoir voltage, the C11154 swit-
inverse dieue and I, C elements across the secondary ched reliably at 50 us intervals. However certain inte-
winding. 1 uY primary capacitors are used, switched by resting effects were observed which may be sumarised

as follows :

a) the rise time of the first pulse of the train was
W__. significantly (20-30 X) slower than the rise time

of all subsequent pulses in the train (Fig, 15).

5949A thyratrons. The supply is able to charge a 40On

me n.d,___s

load to 40 kV in 7 us at intervals of 50 us. For ece- .m$

nowy reasons only 10 primary capacitors and switches
were provided for the laboratory tests. The second sup-
ply 5 is shown in Fig. 14. It is a speeded-up version
of the type of supply previously described in 3.4,

t ... . .. .... .. . - -I I .. .... . ..3 4



b) raising the reservoir voltage to improve the first
pulse rise tim would result in spontaneous break- V RES tr Ist Pulse t r 2nd-1ath Pulse PiM Test (kV

down of the CXIlS4, initially on recharging for the
last pulse of the train. Further increase of reser- 5.92 50 nsecs 36 seace
voir voltage would cause CX1154 breakdown progree- 6.02 48 " 34
slively earlier in the train. 6.07 45 " 33

6.11 40 " 32 "
c) the pulse rise and flat top were independent of the 6.15 37 " 30 " 30

type of resonant power supply used. The pulse fall 6.2 37 " 30 "
was not, due to the fact that both power supplies 6.25 35 " 28
released a certain energy into the pulse fall, de, 6.4 33 2 27 "
grading the fall with respect to the rise. In the 6.55 30 "1 25
case of the ferrite-cored device, the Cail energy
depended on the design of the transformer core reco- 5.97 50 " 36
very system. In the case of the steel cored device, 6.06 424 35
the energy depended on the filter necessary to pro- 6.15 40 " 32k " 35
tect the smi-conductor diodes from the CX1154 switch- 6.2 37J " 30 "
ing surge. 6.25 35 " 30 "

d) switching performance of the CX1154 was less consis-
tent when generating an irregularily spaced pulse 6.1 48 " 35 "
train of minimuim interval of 50 us. In these circum- 6.15 48 " 34 " 40
stances, the pulse rise time could lie between the 6.2 48 " 34 "

extremes noted in a), and the onset of spontaneous

breakdown occurred at lover PFN voltages. 6.04 50 " 37 "

e) the slower recharging of the PN by the steel cored 
6.07 50 " 35 4

transformer system appeared to lessen the risk of
CX1154 spontaneous breakdown. Fig. 17 - Table of Results

5. CPS/SPS Continuous Transfer
Pulse ,enerator

So seecidl. The continuous extraction method
6 of transferrinl

$ kv/div the CPS bean to the SPS consists of locally bumping the
VIM:40 k0

VFG. Volt beam turn by turn onto an electrostatic "shaving" sap-
tum. The length of the beam shaved off by the septum
over ll turns corresponds to the circumference of the
larger SPS ring to which it is transferred before being

10 sweriepesedPuls UMq ta lt saot pulse further accelerated. Further the shaved bean has a sta-
1oes tail er eittance than that of the circulating CPS beam.

The lateral bumping of the CPS beau is done by two lu-
so ...c./dk pad inductance, twvo turn ferrite cored dipole magnets.
10 4v/41.. The first magpet kicks the beo and the second identical

magnet, located downstream of the electrostatic septum,
cancels the kick, leaving the bean undisturbed in the

rest of the ring.

5.1 General description of Pulse Generators

The magnets are powered by two identical pulse
generators

7 
delivering a "staircase" current pulse with

11 steps (Fig. 18). Each step in the pulse deals with
one turn of the CPS beam and therefore lasts one CPSproton rotation time (2.1 us). The-umaitude of each

rator are shown in Fig. 16. The upper photograph shows Stop is set to Siva a constant ejected bas currant of
ten superimposed pulses of the train; the first pulse the shaved beam.
rise is clearly slower than the rest. The lower photo-
graph shows the FlM voltage for four pulses of the steel Fig. 19 is a simplified schematic of the dual
cored pulse transformer supply. Fig. 17 gives the re- "staircase" pulse generator which was built for feasi-
sults of the best possible pulse rise times for a ten bility studies. The design is based on standard !G220U
pulse train as functions of PTH and reservoir voltages, coaxial cable pulse forming networks (Fil's), switched

In conclusion, it can be said that this fast cycl- by high voltage thyratrons.

ing pulse generator worked well but was subject to cer- About 10 ms before the magnet pulses are required.
tain linitations, which would in all probability have the Pll's are charged simultaneously by pulsed resonant
been even more serious for a 20 pulse train. Whether or power supplies, -cting the P7ro5 in pairs. For a "clim-
not the quality of the pulse train would have been bing staircase" pu.se (the normal case) PIPM LA and 13
acceptable for excitation of the FAK magnets for the are charged to i'he lowest voltage, about 25 kV, and
CPS/SPS transfer is questionable. For this reason, cou- I'N Ilk ad lII to the highest voltage, about 50 kV.
pled with the advantage of inherently smaller emittance Each pulse forming network (of travelling time )
of continuous transfer, the bunch by bunch system was and associated thyTatron, when triggered, cottibutes a

square current pulse of width 2T which arrive@ in the
magnet after having traversed the intervening PiYN's and
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thyratrons. If the thyratrons TI to TIl are sequentially

triggered with a delay of T between each trigger pulse,

the PYN discharge pulses arrive as a pulse burst in the

PULSEOEM PFN 1911. magnet with the tail of one pulse coinciding vith the
me- start of the next, thus producing a theoretically per-

fect "staircase" output pulse of total length 11 x 2 r
- 22T. In practice, the pulses suffer from the usual
transmission attenuation causing rise time and flat top
distortion which affects the pulse from TIl such more
than from TI. The switching delay of the thyreatrons,
which, if uncorrected, would produce gps between the

PILSE OE T L fall of one pulse and the rise of the next, is compen-
sated by adding approximately 200 ns to the PFN length
and triggering the thyratrons slightly early.The energy

KV - in the added length of ?FN is found in the tail of the
2%1 etotal output pulse which does not reach the magnet befo-

re the CPS is emptied of protons.

Pigs. 20 and 21 show two typical output pulses of
the pulse generators. It can be seen that the rise time
to flat top of the first step, determined mainly by

__ nagnet inductance and system impedance, is less than
that of the last step which has traversed all eleven

2,1-- s 11,s-2,1 PIN's and the transmission cable before reaching the
magnet. Fig. 21 illustrates that the pulse generator
is capable of delivering negative steps, and in fact,FG M 11 STEP STRCASE PULSE can produce almost any pulse shape built up step by
step provided the reverse voltage across a thyratron
is within acceptable limits. This flexibility has been
of great use in triming the staircase pulse to compen-
sate for coherent beam oscillations resulting from minor
imperfections in certain machine eleuents.

a--

Fig. 19 - Schematic diagrm of 'staircase" pulse generator...
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Ejection trials started in early May 1972 since
when a number of successful ejections have been made
under various controlled conditions. Figs. 22 and 23

5us/div. show respectively the ejected beam current in the trans-
300 A/div. far channel from CPS to SPS and the falling intensity
(0 48 kV PF 11) of the CPS circulating during 11 turns.

5.3 Proposed final equipment for CPS/SPS tronsfor

20 Typi ai o p The specification for the transfer hardware to be

showing saeps and pulse cail installed in the CPS in 1975 is somewhat stiffer than

it was for the experimental apparatus; the intensity
of the CPS beam will be increased and the kick required
from the bumper magnets is considerably greater. For
this reason, it is proposed to split each magnet and
its associated staircase pulse generator into two con-
ponents. The base of the pulse will be furnished by a
lumped element storage line of 23 us pulse length,
switched by a thyratron into its own magnet. The remain-
der of the staircase waveform will be produced by a

2 pulse generator similar to the prototype described above,
pulsing into a second magnet. This approach has a number
of advantages.

Firstly, since the individual magnets are shorter,

F.ig 24..C n sr the magnet inductance is lower and the pulse rise time
ps.- .ad in CPS trils is reduced. The voltage on the PFN's of the staircase

part of the system is lover than it would be otherwise
and enables the continued use of RG220i cable as sto-

rage lines. Lastly, the reflections at the magnet, due
nainly to the large fast front step, are confined to
the base pulse generator where they are much more easily
absorbed than in the multi-thyratron staircase generator.

5.2 Results of Trials on the CPS 6. References
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F xie. 22 ztanal b0.5 urrent .it bumpers exci:ed 5. A Proposal for a Pulse Generator for Bunch by Bunch

*Lifl .R~tOTU 2f ig. z1 Transfer CPS/SPS - D. Fiander, P. Pearce -
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Piz,.23. F ling intensity of Ps itrcultati boas

over 11 turns corresponding to ejectsd
beam intensity of fig. 22
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ANALYSIS OF PHASED ARRAY RADAR POWER SUPPLY SYSTEMS
OPERATING UNDER VARIABLE PULSE LOADING CONDITIONS

C. J. EICHENAUER, JR.
General Electric Company - HMES

Syracuse, New York

Detailed quantitative analyses of phased array diversion modes, quite high inrush currents and rates
power systems are often required as a result of the of change of current frequently occur. In addition
radar system's variable pulse templet operating con- to the factors just noted, saturation of iron core
ditions. A matrix format, with system capability components may further accenuate these high current
factors forming columns and system operating modes effects. Finally, line thump, which has been defined
forming rows, is presented as a useful type of display as the peak instantaneous power deviation about the
for the quantitative results of a power supply system maximum average power load, may be a factor of partic-
analysis. Four alternate form of system analysis ular significance where certain classes of variable
are then examined, use of steady state techniques, use duty factor pulse templets are encountered.
of analog computer techniques, development and use of
special purpose digital computer programs, and use of Expansion of the a-c to d-c conversion area
one of the general purpose user oriented circuit capabilities is shown In figure 2b. In this case, in
analysis programs. Examples of a power supply system contrast to the prime power source area, the charac-
analog computer analysis and a CIRCUS 2 digital teristics of the major blocks indicated below the
analysis are presented. Advantages and disadvantages tabulation are basically under the control of the
of each method of analysis are discussed, equipment designer. For example, in the snap-on

operating mode, some over-shoot in the d-c output volt-
INTRODUCTION age would typically be expected due to the unloaded

nature of the converter. However, by performing
A number of complex operating requirements, in- appropriate design tradeoffs with the circuit compo-

herent in current phased array radars, often necessi- nents involved, it is frequently possible to limit this
tate a detailed analysis of the radar transmitter's over-shoot to a relatively low figure percentagewise.
power supply system. Evaluation of a candidate power No load to full load regulation of the supply is
supply system design typically involves consideration likewise an area where Improved performance can be
of three interrelated areas, first , the prime power affected by design tradeoffs. With regard to the two
generating equipment's output capabilities, second, pulse stability areas noted, the first, intrapulse
the a-c to d-c conversion equipment's output capa- voltage variations, is easily predicted for simple
bilitles, and third, the system's component parts constant pulse duration and constant repetition
capabilities. These three capability areas should frequency pulse templets. For representative pulse
in turn be evaluated in terms of the radar system's burst groupings associated with phased array appli-
operating requirements which typically include a cations the problem is considerably more difficult.
power supply energization or snap-on mode, a constant Finally, if pulse-to-pulse (or burst-to-burst) voltage
duty factor pulse templet loading mode, a variable variations are to be determined, the problem can
duty factor pulse templet loading mode, and a trans- become quite complex if a fairly high degree of
mitting tube fault diversion mode. Figure la accuracy in the results Is to be obtained.
illustrates in simplified block diagram form the
capability areas by means of number designators and Turning now to the system components capability
the operating modes by means of letter designators. areas, figure 2c tabulates several component degrading
Figure lb illustrates a simplified matrix format factors of significance. Transmitting tube arcs with
which is useful for displaying the quantitative re- subsequent fault diverter action can result in high
sults of an analysis. In a typical analysis, the rates of change and high absolute values of current
required information is most effectively obtained by throughout the system. Where iron core components
means of computer aided design techniques. Before are involved, these fault currents may lead to
examining several alternate approaches for obtaining saturation which In turn will accelerate the deteri-
such quantitative results, the three capability areas oration of Inadequately rated components. Damaging
of the matrix will be expanded for purposes of mechanical stresses may occur in components utilizing
clarification. windings with Inadequate bracing for the forces In-

vilved. Additionally, damage can result from excessive
EVALUATION CRITERIA I t products in semiconductor devices. Finally, the

high rates of change of current in conjunction with
Turning first to the prim power source capability circuit inductances are often responsible for transient

related areas, figure 2a tabulates a number of factors voltage spikes capable of deteriorating all classes of
which are frequently of significance. It should be components.
noted that in the illustration shown below the
tabulation, som of the elements indicated may not be CIRCUIT ANALYSIS TECHNI UES
of a controllable nature pr otherwise defined in a
full quantitative sense. However, as a minimum the If the elementary matrix described previously is
distribution system impedance and the nature of all now reconstructed utilizing the expanded capability
major attached circuit loads must be defined if the definitions, a display similar to figure 3 will result.
system's prime power/a-c to d-c converter interface Typical areas of interest have been Indicated by X
voltae regulation and voltage unbalance are to be symbols for each of the four indicated equipment
established. The voltage and/or current distortion operating modes. The question now arises as to the
present at the Interface is a complex function in- most effective method of obtaining quantitative
volving the impedances and commuteting effects asso- solutions for the 31 separate and distinct areas of
ciated with the a-c to d-c converter and the imped- potential interest indicated by the matrix. At least
anoes (sometimes of a variable nature) associated four methods are applicable, the chotice depending on
with the generator. During the snap-on and fault the nature of the problem and the degree of
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accuracy required of the solutions. These are levels with respect to cathode noted on the diagram.
indicated in figure 4. Body voltage for the tubes was obtained from a

separate regulate source and was not a part of this
Manual Approach analysis.

The term manual solution is intended to depict Two solutions obtained from this circuit config-
use of the techniques available prior to the intro- uration will be shown to illustrate the capabilities
duction of the computer to aid in engineering designs. of the analog computer for a constant duty factor
Manual solutions can provide quite adequate results pulse templet operating condition and for a variable
for analysis of traditional constant pulse duration duty factor operating condition. The first solution,
and constant pulse repetition frequency radar systems shown in figure 6, Is for the circuit described when
where regulation effects are of little consequence, the motor generator set is providing the prime power
An electronics text of 20 years ago summarized this to the system.
approach quite well when It stated the following with
regard to power supply regulation. "All that will be Traces 12 and 13 depict the output d-c voltage
done is to warn the student who encounters a regula- from prime collector to cathode. The expected charge
tion problem-that the physical concepts must be re- and discharge cycles of the storage capacitors, con-
duced to the simplest and most concise forms. All sistant with the constant duty loading, can be seen to
mathematical shortcuts must be used or else the prevail.
student will find himself hopelessly submerged under
a complex mass of calculations." Traces 10 and 11 depict the a-c input aspects of

the power system. Trace 10, a representative in&
Analog Approach current delivered by one phase of the genera or, can

be seen to demonstrate the traditional stair step
The second approach, use of analog computer waveshape associated with a delta-wye transformer

techniques, overcomes many of the shortcomings of the connection. Trace 11 depicts a representative line to
manual method of solution. An example of a represent- neutral trminal voltage of the generator. If the
ative phased array power supply system analyzed by phase voltage and line current products for each phase
msans of analog computer techniques is shown in are plotted, the instantaneous phase power products of
figure 5. The particular system required the capa- traces 1, 2, and 3 will result. Then, if these three
5ility of operating from either a public utility prime waveform are added together the waveform or trace 4,
power source or a local motor generator set prime shown inverted, will result. This is the peak instan-
power source. The character of each of the 6 serial taneous power referred to in the thump definition
areas involved will be described briefly, described previously. It will be noted that this wave

has a six times line frequency component and a lower
The generator power source of area A was supplied frequency prf related component. It is the latter

from five 1250 KVA, 13.8 KV, three phase diesel component whose deviation from the average power level
generators connected in parallel. For purposes of determines the thump level which in this simulation is
analysis, the travsient reactance of these machines only a few percent.
was utilized and its value was taken as 18%. This
figure, when referenced to the 480 volt bus level used The impact of a variable duty factor pulse templet
for equipment operation, had the value of 0 + .00663 is indicated by reference to figure 7. The pulse
ohms indicated on the block diagram. When t public repetition frequency was retained at the same value as
utility power source as Indicated in area At was used in the previous run, however, variable pulse durations
in the analysis, a 2% reactance was selected, and when were introduced. In addition, the line reactors were
referenced to the 480 volt bus level, the ohmic values removed and prime power was obtained from the public
indicated resulted, utility source.

A bank of three 2000 KVA distribution transformrs The d-c output voltage of traces 12 and 13 can be
was provided in area 8 to affect the 13.8 KV to 480 seen to wander quite radically from their steady state
volt step down function. At this juncture, the power values shown in figure 6. In addition, the excursion
system fanned out to supply eneigy to the N transulttgr of peak instantaneous power in trace 4 indicate that
groups which comprised the total R-F generation system. if this pulse templet were to be used with a system
These transformers had a representative reactance of having low thump specifications, considerably more
6% which when translated to the 480 volt level resulted design optimization would be necessary.
in an overall value of 0 + .0023 ohm. Frm these two solutions some basic advantages

The remaining four areas will be noted as per and shoe,_.imings of the analog computer approach can
group items. The first, an induction voltage regulator be observed. On the positive side, first, quite
of area C performed the functions of lowering the line complex circuts can be solved relative to those
voltage applied to the rectifier during snap-on and possible with t.Se manual approach, second, optimization
correcting for loading variations during operation, solutions may be readily obtained once the basic
It introduced the resistance and reactance values circuit configuration has been programed and debugged,
noted when in its boost position. The line reactors and third, excellent correspondence between the
of area 0 provided current limiting to reduce simlation data and actual hardware can be realized.
stresses of both an electrical and mechanical nature On the negative side, first, the absolute accuracy
during the snap-on and crowbar modes of operation, obtainable from the solutions is limited by the allow-
Finally, the last three phase component, the rectifier able vertical excursions of the tracing pens and by
transformer of area E, was a dual secondary unit having the width and consistency of the line traced, second,
the resistive and reactive values indicated, high speed transients are generally not accurately dis-

played due to insufficient speed of response of the
Block F depicts the dual three phase rectifier pens, and third, while not apparent fre the solutions,

stacks, dual filter reactors, dual energy store highly skilled programers and experienced equipment
capacitor banks, and pulsed loads. The actual loads operating personnel are necessary if reliable informa-
Involved In this application were dual depressed tion is to be obtained.
collector traveling wave tubes having the two operating
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Special Purpose Digital Approach body and collector load currents discharging the two
energy storage capacitor banks. These pulsed currentTurning now to digital computer techniques useful sources may be programmed to simulate any desired formfor power supply system analysis, two approaches were of pulse train. Finally, R9 and R9A repesent very

noted in figure 4, special purpose and general purpose high or very low resistor values programed to
circuit simulations. The term special purpose simulate crowbar fault diverter action.
simulations is intended to encompass those programs
prepared for analysis of specific circuits or types of It will be noted that number designations have
circuits. When available for solution of the type been assigned to each discrete junction (or node) in-problem at hand, such programs represent probably the volving two or more circuit components. The compo-
fastest and most economical form of solution available. nents connected between nodes are referred to asHowever, modifications to such programs to adapt them elements (in the case of resistors, capacitors or
to the solution of modified or revised types of cir- inductors) and as devices for all other components.
cuts may present a formidable programing task. Since the voltage across any component, currentthrough any component, and/or voltage between any two
General Purpose Digital Approach circuit nodes may be obtained in either tabular cr

plotted form as a function of tim, one of theThe general purpose simulations, or as they are problems of a CIRCUS analysis lies in limiting output
frequently called, the user oriented circuit analysis to a level which will not submerge the analyst under a
programs, include such widely available types as those mass of detailed (but unnecessary) circuit information.shown in figure 8. The abbreviated names ECAP, CORNIAP, Examples of snap-on, constant duty factor pulsing.
SCEPTRE and CIRCUS are expanded for purposes of variable duty factor pulsing, and crowbar output
definition. It is possible for an individual who is displays will be presented.
almost totally unfamiliar with computer techniques to
prepare complex circuit analysis programs, debug them, While all of the snap-on areas of interestand obtain accurate quantitative results within a denoted in figure 3 are readily available from a
relatively short period of time. An example of a CIRCUS analysis of the circuit of figure 9, only thesecond phased array power supply system using the key input/output areas will be described. Figure 10
CIRCUS 2 analysis program will be briefly described. illustrates the three phase line inrush currents

associated with the first 50 milliseconds of snap-onFigure 9 illustrates the diagram of a circuit (i.e. the 3 phase line contactor is assumed to closesimilar to the one described using the analog simula- at time zero). This inrush is characterized by peak
tion techniques. In this system, individual group inrush currents of approximately 7 times normal fullgenerators were utilized rather than the common load values, distorted and unsymetrical waveforms,generator bus system noted previously. At the left and a decay of current to essentially zero within
of the figure. SVl s S2 and SV3 represent the three three cycles of the line waveform. With regard to
generator phases while L1L, 21. and 3L represent output voltages, figure 11 illustrates that the out-phase inductances equivalent to the 10% reactance of puts of the two d-c supplies reach their steady state
the generator. values within about 50 milliseconds, and that they

overshoot their full load values by approximately 12A solid state contactor has been simulated by and 15% respectively.
resistors SSI, SS2, and S33. Practical Implementation
of this circuit would be by means of back-to-back Fifty milliseconds after snap-on initiation,SCR's whose triggers are interrupted when three phase pilsing at full duty factor operation is programed
interruption is to occur. The SCR pairs would then and 40 milliseconds later the pulse duty factor is
interrupt as their respective line currents passed reduced to one quarter this value. As before, all
through zero. Such a simulation may be readily accom- matrix values are readily available, however, onlyplished by preparing a CIRCUS model capable of pro- two key areas will be described, pulse-to-pulse volt-
viding very low resistance in the normal aode of age stability and d-c output voltage regulation. Thisoperation of SSl, SS2, or SS3 while transferring this information is more readily obtainable from a tabula-
resistance to the megohm level when the current passes tion rather than a plot. Figure 12 illustrates a
through zero. portion of a multi-page tabulation from which suchinformation may be obtained. It should be noted thatThe triple triangle to the right of the contec- the time increments may be established for any desired
tors represents the delta primary windings of two degree of printout precision, hence, intrapulsethree phase rectifier transformers. The windings, values may also be obtained if desired. A summary of
their copper losses, and the core losses are repre- the desired information is shown in condensed form in
sented by the L , RL , and RS quantities respectively. figure 13.
Any desired turns raltio may bF established between the
primaries and the wye connected secondary windings. For the crowbar divrter simulation three key
Secondary winding resistances and leakage inductances areas were of interest - the peak a-c line currents
are depicted in series with each transformer leg. In involved, the length of time required for the solid
this case these values coincide with 1.5% resistance state contactor to clear the fault, and the nature of
and 7.89 reactance, any line voltage transients introduced as a result of

the line interruptions. Figure 14 displays the natureRectification is accomplished by diodes 011 of the three line currents wherein line 2 interrupts
through 0112. A wide variety of semiconductor models 2.8 milliseconds after the crowbar was initiated. At
may be programmed if desired. A comutation transient this time the power supply operates single phase andsuppressor consisting of the R8-Cl series circuit was it may be noted that lines 1 and 3 simultaneously
found to be a necessity for limiting diode inverse interrupt 9.4 milliseconds following crowbar initi-
voltage transients. ation. Figure 15 illustrates the line-to-line a-c

voltages at the primary of the rectifier transformer.Inductors LF1 and LF2 were filter reactor models It should be noted that severe transients occurred at
PrMgramed to simulate the saturation of the reactors this interface prior to the optimization of appro-aner high current fault operation. Pulsed current priate R-C circuits at the input and output of thesources PJl and PJ2 simulate the traveling wave tube solid state contactors.
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These examples 'Illustrate only the fundamental
capabilities of a program such as CIRCUS in aiding in
the solution of phased array power supply problem.
By simple extensions of the program, areas ranging
from line type pulsers to regulated d-c power supplies
may readily be siaI ated. One precaution should be
noted. When analyzing circuits involving widely
different tin constants, the shorter time constant
will establish the time step size used by the program
to obtain its solutions. Hence. if excessively large
computer charges are to be avoided. carefully con- VLEvAJEr rACT .G 1 O uRC ARI
sidered circuit modeling should be incorporated.

. LE VOLTAGE RIOUAT
From the preceeding discussion it may be seen • LDIX VOLTI.. UWAACI

that appropriate analytical tools are available to W LTAGE AMlR CURRENT DETORTO
cope with most present generation phased array power
supply system problems. The flexibility of these • LIM MUMCURXAREnIM /oRATOF CHANGE
analytical tools recommend their use for a wide variety . TWUM
of problem solutions in the power supply and modulator
areas.

W'. LIPAC!

FAULT p~~j~ PEW! POWEGULATORAG/CDCONRR

0 //D 0 -0 AMP/ PE?, IPDA

FiGUE L R-F RITNUOKDOAMP

FAULT PU~atPRZM POWER ~ pi GENERTOR VARUTREATZ

OPERA-ToG M ODES W A. EWO ZRTW -I "ITM VAtZLAWO

02 coeTi2 TEMPLE @EMLE - - -A

VARFAULT PULSEZ TMLE

PAULIW DWRZW a

O SEVRmON

(D 04 a)(D * (D EMPLT 4O

(D( D (D . -lm. VOLTACE IA l

MjM-IT-MT VOLAG TEN"TI

CONSANTE PULS2 TEMPLET

10 FAULT DKIMIOW 1" i

yXK 1 LASiC EVLUATION KATIR.M FORMAT

141



RELEVANT FACTORS IN COMPONENT CAPABILITIES

* DC FAULT CURRENTS/RATES OF CHANGE

* CURRENT INDUCED COMPONENT STRESSES

0 VOLTAGE INDUCED COMPONENT STRESSES QUANTITATIVE ANALYSIS METHODS

AFFECTED COMPONENTS MANUAL CALCULATIONS

T ANALOG SIMULATION* TRANSFORMERS
E SPECIAL PURPOSE DIGITAL SIMULATIONS

* REACTORS
CAPACITORS GENERAL PURPOSE DIGITAL SIMULATIONS

* RESISTORS

* DIODES

* SWITCHING/DISCHARGE DEVICES

FIGURE 4

FIGURE 2C
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4 = 4ihi r
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OPERATING CONDIIOS SOURCE RELATED OUTPUT RELATE COMPONENT

SNAP-ON X X X X X X K x

DUTT LOADIG X X X X X X

VARIALIPUI83E/ x xx ,
flU. LOAD

CROWBAR x X X X X X X

FIGURE $ EXPANDED ANALY1115 MATRDV (
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THE GENERATION OF HIGH FREQUENCY SINUSOIDAL AND

PULSE WAVEFORMS USING HYDROGEN THYRATRONS

L. J. Kettle B. P. Newton
English Electric Valve Co. Ltd.

Chelamsford, Essex, U.K.

Suary instant when its anode voltage is falling
towards zero but is positive in polarity.

The circuit of a high efficiency, high C1 and C2 in series then cause a half-
frequency sinewave generator using a sinusoidal current to flow through L2 and
hydrogen thyratron switch is described and V, thereby reversing the voltage across V
some of its uses are mentioned. Further, a and also increasing the energy stored in C1
combination of this circuit with a standard in readiness for the next cycle of the
pulse modulator circuit enables a high oscillation. This reversal of voltage is
frequency pulse generator to be built which apparent from Fig. 2 and for so long as this
allows a longer than normal recovery period reversal persists, conduction through V is
for the thyratron. not possible. The trigger circuit should

be such that the control grid becomes
Although the techniques for generating negative within this period of negative anode

high power sinusoidal waveforms at high voltage, thereby gaining control in
frequencies are well-established, extension readiness for the next cycle of oscillation.
of these techniques to frequencies of the There is clearly an optimum phase relation-
order of 20 kHz is less satisfactory in many ship between the waveform of the oscillatory
respects. This is partly because of the voltage and the instant of triggering and,
need to use iron-cored inductors for the similarly, a maximum frequency at which a
various tuning and feedback windings and particular type of thyratron can be operated.
partly because of the relatively low However, using a small glass thyratron, type
efficiency inherent with high vacuum 8503 for example, satisfactory operation at
thermionic devices. This is acceptable with 40 kHz has been obtained with power outputs
R.F. transmitters but in the 20 kHz regime of up to 4 kW.
the power is normally required for operating
electric furnaces or similar equipment and With a pulse generator circuit of the
high efficiency is -m economic necessity. conventional type shown in Fig. 3, the time

available for recovery of the switching
Inverter circuits using thyristors thyratron is ultimately dependent upon the

provide a solution at low power levels resonant frequency of the charging circuit
whilst hydrogen thyratrons enable the power and also upon whether or not the pulse
output to be increased considerably. forming network is matched to the load. In
Inverter circuits, however, tend to be practice such circuits can operate satis-
relatively complicated and also involve the factorily up to several kilohertz, above
use of specially designed iron-cored which the time available becomes comparable
inductive elements. Thus any method of with the recovery time of the thyratron and
generating considerable amounts of power in reliable operation is then difficult to
a simpler manner and at high efficiency is achieve.
of great advantage to users of high
frequency induction furnaces and similar By combining an oscillator (Fig. 1 type)
equipment. with a variant of the conventional pulse

generator (Fig. 3) the resulting hybrid
One such method has been used for circuit becomes one which not only generates

several years as a source of low frequency the charging waveform required for the pulse
power and the technique has recently been generator but also allows considerably more
extended to the higher frequencies by time for thyratron recovery than would other-
replacing ignitrons with hydrogen thyratrons. wise be possible. With such arrangments it
Fig. I shows a circuit of this type, the has been found possible to operate at
principle of operation being as follows, frequencies up to at least 20 kHz when

using either a CXl157 ceramic or 8503 glass
Assuming that energy is circulating in thyratron as the switching device. If

the oscillatory circuit L1 C1 and that the suitably triggered, the circuit first con-
latter is supplying energy to the load, the verts the d.c. supply to a.c. at the
thyratron V is recurrently triggered at an triggering frequency and than uses this
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waveform to charge the pulse forming net- increasing the amplitude of the oscillation
work. The triggering of the thyratron relative to the H.T. available. In practice
generates the pulse and simultaneously this permits a considerable voltage step-up
returns just enough energy to the oscilla- to be obtained, a magnification of four
tory circuit to ensure that the correct times, for example, being readily achieved.
voltages are available in readiness for the Such a step-up in voltage causes the circuit

next cycle of operation. Fig. 4 shows one to draw more current from its power supply,
such circuit whose principle of operation is thus making it possible to trade high
as follows:- current at low voltage for low current at

high voltage.
Assuming that the resonant circuit Li

C1 has an oscillatory current circulating The circuit of Fig. I is a high-power
within it, thyratron V is triggered when the source of approximately sinusoidal waveform
voltage at the point A is approaching zero whose amplitude is readily adjustable. It
but is still positive. This discharges the is very suitable for applications such as
pulse forming network N, thereby generating electric furnaces, pre-heating of plastics
a pulse in the load R. Simultaneously C1  and the like. Its advantage lies not so
and C2 in series cause a current to flow much in particular applications as in the
through D, L2 and V. This current is half- simple and efficient manner by which it
sinusoidal in waveform and results in generates a.c. power whilst using a minim=
reversal of the voltage across V and in the of components.
restoration to the tuned circuit LICi of
the energy lost in the previous cycle of If the output voltage across the tuned
oscillation. The reversal of voltage circuit of Fig. 1 is rectified, then by
persists until the point A again swings tuning the circuit LIC 1 or by varying the
positive, thereby allowing time for triggering frequency, a variable supply of
recovery of the thyratron. In practice this d.c. voltage is obtained from a fixed d.c.
reversal time can be further increased by source. Similarly, in the case of the pulse
the expedient of triggering V at a frequency generating circuit of Fig. 4, this enables
higher than the natural frequency of the pulse amplitude to be varied even though
oscillation of the tuned circuit. This has the H.T. supply may be incapable of adjust-
the effect of advancing the phase of the ment. In either case this amplitude may be
instant of triggering relative to the easily stabilised by sampling or feedback
sinusoidal waveform, thereby increasing the techniques.
amplitude of the oscillation and hence the
duration of the inverse voltage applied to The uses of the pulse generator are
the thyratron. those normal with such apparatus, but this

arrangement has the advantage of being able
Once the voltage at A again passes to generate pulses at variable voltages and

zero and becomes positive, diode D conducts at frequencies which by normal techniques
so that N effectively becomes part of the are quite unattainable.
resonant circuit for this portion of the
cycle. N thus charges to the peak positive
voltage excursion of the resonant circuit,
after which diode D ceases to conduct and
leaves N charged in readiness for the next
cycle (Fig. 5).

Variants of this circuit are possible,
for example the triggering of V may take
place at a sub-multiple of the resonant
frequency of the tuned circuit. This is
advantageous with regard to the design of
the resonant circuit but it is limited in
application because it reduces the time
available for recovery of the thyratron.

Mention has been made of the technique
of triggering at a p.r.f. higher than the
natural frequency of the circuit L1C1 .
This can be done to increase the duration
of the negative excursion of the thyratron
anode and so to permit operation at higher
frequencies but of necessity it does this by
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QUENCH MODULATOR FOR COLD-CATHODE CROSSED-FIELD AMPLIFIER

William I. Smith
RCA Corporation

Government and Commercial Systems
Missile and Surface Radar Division

Moorestown, New Jersey

Summary The tube does not need an elaborate crowbar; In fact.
the only fault sensing and protection In the system

A radar transmitter designed by the Missile and Surface are accomplished with meter relays on an average
Radar Division of RCA has achieved versatile performance current basis.
through use of a type SFD-257 crossed-field amplifier. This
CFA features a cold cathode whose emission is initiated by Transmitter Features
RF drive and terminated (quenched) by a hard -tube modulator-
driven electrode. The performance and design features of the The transmitter receives 50 milliwatts CW and timing
transmitter are described, with emphasis on the specialized command triggers. In response it delivers one megawatt RF
pulse shaping and hard-tube modulator required by the quench pulses to a high-power variable attenuator and in turn to the
electrode, system antenna, as in Figure 1.

Introduction

The AN/MPS-36 radar. RCA's most advanced type
instrumentation radar in production, employs a Varian type '9 T m

SFD-257 crossed-field amplifier tube in a versatile, coherent, r6
one megawatt transmitter. System performance requirements so MW WIN021
including target velocity measurement and coded pulse opera-
tion demand the following transmitter pe formance features:

Coherency, incidental phase and amplitude modula-
tions more than 30 dB down

Variable peak power, I kW to I Megawatt
Figure 1. AN/MPS-36 Transmitter Amplifier Chain

Variable duty cycle up to 0. 1%

Variable PRF up to 640 pps Because of the nature of the SFD-257 CFA. the high-
power (final) stage does not require a cathode voltag, pulse

Selectable pulse widths, 0. 25, 0. 5 or 1.0 modulator. DC voltage is continuously applied to the cathode.
microsecond Input RF excitation starts cathode emission via secondary

emission effect. At the end of the pulse as excitation is re-
Variable spacing of coded pulses, with as many as moved, free electrons are extracted from the tube by applica-
five quarter microsecond pulses in a burst tion of a carefully shaped and timed video pulse to a speciat

electrode in a process called "quenching. " Qmnching i
Instantaneous bandwidth 500 MHz (5400 to necessary to prevent the tube from oscillating in a self-
5900 MHz) excited mode at a frequency near the lower band edge after

RF excitation is removed. The absence of high level modula-
Advantages of the SFD-257 are listed below: tion and the relatively high efficiency of both the semi-final

and final stap crossd-field contribute to the relatively high
The intrinsic efficiency of the tube exceeds 50%. efficiency and compactness of the moderately high power

sophisticated transmitter.
The tube is essentially a passive device, consuming
no power until it is called upon to amplify the input In particular, the coded group (burst) of five quarter-
signal, microsecond pulses is handled efficiently by shaping the pulses

In the lower level amplifiers. This avoids relatively high
I requires only a low energy modulator in contreat losses due to the charging and discharging of the stray cepant-
to a full cathode pulser. In essence, the amplifier tances associated with pulsing the final amplifler cathode
acts as its own switch tube. circuitry. Such losses typically are a significmt fraction of

the power of a quarter-morosecond video pulse, and sub-
The "cold cathode" feature makes the amplifier stantially lower transmitter efficiency.
Insensitive to duty cycle, up to the maximum speci-
fications. The pulse widths, groupings, and/or For operation with quarter-mic o cmd pales, the
repetition rate may be changed instantly without the quench modulator losses are not neglgible (500 watts in ti
need of beater programming. burst mode at full duty out of a corresponding ttal input power
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of 2160 watts). However, the losses are significantly les Figure 3 displays timing and amplitude relationships
than RCA haa experienced pulsing a magnetron with operating between the envelops of RF drive, quench voltage pulse, and
point characteri tecs similar to those of the SFD-257. oper- quench current pulse. Several requirements on thes relation-
sting in the burst mode at the same power output level. ships must be met If stable tube operation is to be realized.

First, the quench voltage must reach a level of at leant 12.5
The high-voltaep power supply for the final stage CPA kV before the RF drive level falls below 12.5 kW or 25 per

in specially designed to provide stable system operation not- cent of normal drive power. Second, the quench voltage must
withstanding an ocoaional tube arc. Any high voltage electron be sustained between 15 and 17 kV until the RF drive level
tube has a sporadic arc rate when high voltage Is continuously has decreaned to 10 watts or below. f either requirement t
applied. Tranemitter tripout may result in loss of very ox- violated, the tube will break into the undesired noisy self-
paesive data Ia the missile range instrumentation application, excited oscillation at a frequency near the lower bend edge as
Coneequently the cathode power supply (-29 kVDC) first mentioned earlier. Note that the peak current of the quench
current-limits, then terminates the are current electront- electrode occurs at the 12.5 kV voltage point when the r6-
cally, and finally, automatically restores the CFA cathode lationships are as stated shove.
voltage so operation may continue. Transmitter downtime
due to an arc ts less than one second.

Emission Quenching 6 so K , O INPUT YT

Figure 2 represents the finale CFA and its associated S
circuitry. N - , =

AMID ANODE

CATHODE:I O * 
1
1

-P OUTI
* CON WIL

I cuaulu[_
QUENCH

MOCULATOR

PTFigure 3. Timing and Amplitude Relationship RF Drive
NVOC 1--- V COUPL9 and Quench Voltage

TIMING
TRIGGER

The quench puls may be started earlier (higher up on
Figure 2. Simplified Schematic of Final Amplifier Stao the tall of the RF drive envelope) without Instability. In this

case the RF output pulse is foreshortened as compared with
the drive pulse, and the quench current modulator will draw

During the pulse a re-entrat "ub" of electrons orbits a longer and higher amplitude current pulse.
the oathowd' e'v,4a. RF excitatton causes secondary emission
from the cathode surface to Initiate, then continuously re- In the cane of burst mode operation, the quench voltage
pieb the hb. Removal of RY drive and simultaneous ex- from the previous pulse must be caused to fall below 3 kV
traction o thef electrons t the hub by applying a positive before th euing pule appears. Otherwise, the front edge
vo to an electrode exposed to the orbiting electrons, of the ensuing RF puls will be distorted by quenching effset.
causes electron activity In the tube to cease. The letter requirement necessitated the use of a "tU biting"

resistor (H In Figure 2), shunting the quench electrode
An Interesting phenomenon hen been observed related circuit to discharge stray capacitance promptly after the

to the quenching pocee. V the amplitude and timing of the quench modulator keying Is terminated, This resistor loads
quenc sigal are not appropriate. the bab osclaste* ha the the quench modulator and lowers system efficiency as an
nosy lower band edge mode following the pulse. Spurious effect of burst mode operation.
energ gerbtell apparently leaks from the region of the
caftode stm sad caus multiple trlgerling of low-level The rise time of the 16 V voltage pulse is approxi-
solid-st video drive cirouite. The combination of operation mately 0.1 microsecond (10 - 90%). The peak quench current
in the w.so mods and sbnormally high duty cycle due to the is 16 amperes as compared with normal peak tube currout of
extra pulse$ degade* the performance of the CFA in subse. approximately 60 amperes.
quM ope0atio, even though por quenchbing i restored.
Highr the normal CFA Interplse leakage current flows and Referrif to Figure 4, the quench modulator n the
the tube spectrum (n noisy. Normal performance am be re- subject transmitter employs three parallled Y-543 tetrodes
stared by a sesenoell process in which the tabe operating switching a 16 kVDC power supply floating at CFA cathode
voltaeve I Is eraally Increased. l1terpulae leakage cur- potential.
ret retur s to Its normal level ad the spectrum noise
disappears.
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" I"Figure 6. Display of Quench Voltage Pulser end RF
aOutput Envelopes in Burst Mode Operation

Figure 4. Quench Pulser for SFD-257 Crosed Field Amplifier

The switch tube Vida are transistor-driven. Response Conclusinn

time of 0. 1 miroseod was achieved in the solid-state grid The modulator described deliver* emision-qu~enhng
pulser by shaped turn-on and turn-off base drive pulses for pu s sf rt e C A i ac o d n e w h em r c lyd r v dthe transistors. This relatively high speed performance using rlequrns for the burstamordne witeriawll derall
aparallel pair of DTS-804 transistors was necessary to effec- other required modes of operation. The result has been

ive quenching for burst mode operation. Figure 5 indiats stable and reliable operation frm the fial amplifier tube
the grid pulsr circuit. The SY43 ttrodes are band off to ad transmitter.

• -650 V via an L/R high frequency compensator network be-
tween ples. The DTrS-804 trasitors connect a 100 V power Aknowledgement
supply to the giprd-oathade circuit of the switch tubes while the
quench electrode to conductig. Matrial contained in this papal, Is excererd from a

recent article by the author and A. Wilazek of Varism
,s~vpsAssociates. The article "1CFA Tube Enables Now-Generation
€ Coherent Radar" was pblished In the August 1973 Isue of
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Isz QARTS FOR DROOP-COMPESATWOW NUrWICS

Thmmae A. Weil
Raytheon Company
Wayland, Mass.

Suma can be considered, they are beyond the scope
of this paper. Furthermore, higher-order net-

The principles of pulse droop compen- works have difficulty ensuring that residual
sation with passive RLC networks are well stored energy left from one pulse does not
known, but the practical application of these affect performance on the next pulser the
principles has been hindered by the complex- first-order network shown in Fig. I has
ity of analyzing even the simplest cases negligible carry-over from one pulse to
quantitatively. This paper presents the another, because of its inherent damping, un-
results of a computer analysis of droop- less the system duty cycle is extremely high.
compensation methods. The tradeoffs are des- The analysis that follows assumes that
cribed, and the results are presented in currents in the compensation network die out
charts that show directly the loss in effi- fully during the interpulse period, which is
ciency versus the amount of droop before and valid as long as the interpulse period is many
after compensation. The charts also provide times longer than the time constant of the
the data necessary to determine the component compensation network, as will normally bevalues to provide the selected droop-compen- true.
sation performance.

Droo Comensat ion
Even the "simple" first-order droop-

Introduction compensation network shown in Fig. 1 is sur-
prisingly complicated to analyze, a fact that

The size and weight of the energy- may have contributed to the relatively limited
storage capacitor bank required for an active. usage of such networks in the past. Although
switch modulator is strongly affected by the such an analysis is nearly prohibitive by hand
amount of droop permissible. Therefore, in calculation, it is a very simple problem for
applications where size and weight are modern computers, the real challenge being to
critical and where a slight reduction in ef- organize the voluminous results into conven-
ficiency Is tolerable, passive droop- lent form for routine use.
reduction techniques may be advantageous. A
simple droop-compensation circuit is shown in In the network of Fig. 1, L and RS may
Fig. 1, with L and RS serving to reduce the be chosen independently; these values deter-
droop seen by the load. The waveforms for mine the initial drop across the network and
this circuit are shown in Fig. 2, the droop the time constant of the network, which,
before compensation, VS, is reduced to the compared to the pulse duration, determines how
smaller variation, VA, after compensation, nearly the drop across the network goes to
At the start of the pulse, the load voltage zero during the pulse. These choices, in turn,
is reduced by the drop across the resistor determine the net peak-to-peak variation in
Rs during the pulse, the inductor L gradu- the pulse delivered to the load and the loan
ally shorts out RS, which tends to compensate in efficiency that results. The choices
for the reduction in voltage available from available also permit overcompensating or
the capacitor bank C as its voltage droops undercompensating the load voltage at the end
during the pulse, as shown. The reduced of the pulse compared with the load voltage
voltage variation at the load during the at the start of the pulse, as shown in Fig. 3.
pulse is achieved at the expense of so The analyses made showed that, if the ob-
power absorbed by the series compensating JeCtive is to minimize the peak-to-peak volt-
network during the pulse, and, as might be age variation over the pulse duration, the
expected, the better the compensation, the beat improvement for a given loss in obtained
higher the loss. A suitable choice of om- when the network values are chosen to make the
pensation network thus requires a quantita- load voltage end at the same value it started
tive evaluationj this paper presents data to at, shown as AV2 in Fig. 3. Therefore, the
facilitate this tradeoff, results that follow are all given on that

basis, which, incidentally, simplifies the
The simple compensation network shown eventual calculation of component values for

in Fig. Is applicable to most active-switch any particular circuit.
modulators-as well as to DC-operated devices
such as gridded or mod-anode-pulsed linear- From the computer viewpoint, this pro-
bem tubes, control-electrode CIA's, RI-keyed blem is a simple linear transient analysis
CIA' s, and Class-C RI amplifiers such as with a marrow range of circuit time constants,
solid-state modules. The results of the so that accurate integration is readily
analysis also apply to certain other cases, achieved with a modrate tims-step else. The
as will be mentioned later. computer program calculates how the voltages

and currents vary during the pulse and keeps
NetworLs5 CnAMiL track of power drawn, power lost, and power

output. Max1mu and minimam values of load
The network shown in Fig. 1 may be voltage are also noted. The resulting volt-

called a "first-order" droop ompensation age variation and power loss can be tabulated
network, because it contains only a single for various cases of interest, and waveforms
reactance. Although higher-order networks can be plotted for inspection. Fig. 4 shows
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typical load voltage waveforms for a circuit point C in Fig. 5.
with 10% droop before compensation (DBC) and
with various values of time constant in the First, the value of RS (see Fig. 1) is
droop-compensation network. The data from obtained from:
these runs can then be used to generate a
graph showing efficiency loss for various Let X - T/TC, as obtained from Fig. 5.
values of droop or voltage variation before
and after compensation, as shown in Fig. 5. Let DBC - Droop before compensation.

Results The "Initial Drop" (at the start of the
pulse) across RS is independent of the value

As shown in Fig. 5, the curve that of L, and should be made equal to
starts (for example) at 10% voltage variation
with no loss applies to cases of 10% droop Initial Drop - DOC
before compensation, etc. It can be seen
that, as with many things in life, "the rich For convenience, values ofare
get richer-and the poor get poorer"; i.e., if (l_0.x e
the circuit has little droop before compen- given in Fig. 6.
sation, it can be improved a lot with little
loss, while a circuit that has a lot of droop For example, if T/TC = 2 and the DUC is 10%,
incurs a lot of loss even if the droop is re- the initial drop is ll.7%,and R3 should be
duced by a small factor. It appears that made equal to 11.7% of the load impedance,
very large improvement factors (greater than, RL.
say, ten) are not likely to be used, because
a circuit with little droop to begin with The value of L is then obtained simply
doesn't need it, while a circuit with a lot from
of droop can't afford it (from an efficiency T
standpoint). L = RS 3, where T is the pulse duration.

Tolerance effects also argue against The required initial voltage on the
attempting to reduce droop by a large factor capacitor bank is the sum of the desired load
by this technique. Since the correction is voltage at the start of the pulse plus the
"open loop", component tolerances will cause initial drop across the droop-compensation
the amount of compensation to vary, the network.
widest variations probably will occur if
electrolytic capacitors are used (e.g., fo: Side Effects
solid-state transmitters), since these have
both wide initial tolerances and wide changes It should be noted that the use of a
in value with temperature and with life. droop compensation network results in a
Variations in load current also have an slightly increased voltage appearing across
effect on the droop compensation, although the load (or series swit-.h device) during the
this effect is less significant. Changes in interpulse period, because the capacitor bank
transmitter pulse durstion also change the voltage must be set higher to begin with to
droop compensation, but as long as the pulse allow for the drop across the network, and
is k than the value for which the because there will be a slight backswing

compensation was designed, the resulttaiq load across the droop-compensation network im-
voltage variations will not be gc-ator thaa mediately after the pulse. The backswing
for the long pulse, but the pulse may no is never greater than the initial drop and
longer end at the same value of voltage it occurs at the end of the pulse when the
started at. capacitor bank has drooped, so this effect

should be small, only the increased capacitor
Usina the Charts bank voltage itself should be significant,

depending on how much droop-before-compen-
Fig. 5 thus provides the data needed sation is chosen. The load simply sees the

for droop compnsation tradeoffs. For full capacitor-bank voltage before the pulse
example, if a system requires the load volt- begins, as indicated in Fig. 2.
age to vary no more than 2.5% over the pulse
duration, a certain capacitor bank size Alternative Circuit
would be required without compensation. The
capacitor bank can be cut in half and the As indicated earlier, the data of Fig. 5
droop corrected to 2.5% at the expense of can also be applied to certain other cases,
1.2% loss, an shown by point A, or the bank as shown in Fig. 7. For example, the source
can be reduced by a factor of 4 (resulting in Fig. 7 could be a line-type modulator,
in 10% drop before compensation) and coar- with L4 representing the pulse-transformer
rectd to 2.5% at the cost of 4% loss in magnetizing inductance, which .ay draw a
efficiency, as shown by point B. linearly-rising magnetizing -urrent that sub-

tracts from the load current, tending to
Once the desired point is selected, cause a drooping load-current waveform. R2

the droop compensation network component and C2 have been added to this circuit to
values may also be obtained from the data in cancel this droopt this may be preferable in
Fig. 5, using the time-constant data shownt som cases instead of the series network of
the required T/TC value (pulse duration Fig. 1, as would be the case if the source in
divided by time constant) obtained from the Fig. 7 were a current source. On the other
curves is then used in the formulas below, hand, the alternative circuit of Fig. 7 is
For example, to correct 5% droop to 1% re- not usable with DC-operated loads, because C2
quires a T/TC of about 1.8, as shown by would charge up before the pulse begins.
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For the compensation network in Fig. 7, the
same calculations are made as before, except
that if the "initial drop" required is 8%,
then R2 is chosen to draw 8% as much current
as the load, assuming C2 is initially not
charged at the start of the pulses i.e., R2
would be 12.5 times the load resistance. C2
is then chosen to provide the required time
constantr i.e.,

T
C2 R2).(X )

where 2 is the pulse duration, as before.

First-order droop compensation net-
works can provide significant reduction in
energy-storage capacitor bank size and weight
at a mall-to-moderate cost in efficiency.
The charts presented should allow the best
choice to be made for any particular appli-
cation.
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VERY HIGH FREQUENCY PULSE GENERATORS

USING HYDROGEN THYRATRONS

B. P. Newton G. J. Scoles
English Electric Valve Co. Ltd.

Chelmsford, Essex, U.K.

SIuMary through a series of narrow, staggered slots.
This type of thyratron when correctly

Two circuits are described which have driven has an effective recovery time of the
been developed to provide high voltage order of 2 microseconds.
pulses at repetition rates up to 200 kliz.
Mention is made of fast recovery hydrogen In order to assist the control grid to
thyratrons capable of operating in these effect recovery it was necessary to apply a
circuits. signal of negative polarity imediately

following conduction and its effective
A requirement arose for a pulse impedance had to be substantially zero until

generator able to generate bursts of 16,000 recovery had occurred. This was achieved by
volt pulses at a recurrence frequency of a variant of the "break modulator" technique
200 kHz. The load (a Pockel cell) was wherein a current continuously flowing in
basically capacitive and it was apparent the primary circuit of a double-wound trans-
that a pulse current of several amperes was former is momentarily interrupted to
necessary if a rise time of 20 nanoseconds generate a trigger pulse. This causes a
were to be achieved. A hydrogen thyratron current to flow in the secondary winding,
was chosen as the switching element not thereby overcoming the initial bias to drive
only because it can pass high peak currents the grid of the thyratron positive and so
but also because it is easily triggered by initiating conduction. During conduction
a low power grid pulse and the rate of rise the bias voltage appears across the
of current in its anode circuit is not secondary winding; this has the effect of
limited by the rate of rise of grid voltage, increasing the current flowing and so

increasing the energy stored in the self-
The factor which limits the maxim- inductance of the transformer. Restoring

working frequency of a thyratron is its the primary current then causes a reve,d
recovery time and as the pulse recurrence. voltage to appear across both wt-dine f
frequency of 200 kHz allowed less chan 5 the transformer, the practical effect 7
microseconds both for recovery of the which is to drive the grid sharply ner a,ve
thyratron and the subsequent recharging of (relative to the bias) and to make available
the pulse forming network or capacitor, it a relatively large current which then
was likely that conventional techniques assists in clearing up the plasma from the
would be inadequate to solve this problem. vicinity of the grid. This mechanism
The solution involved the development of a (Fig. 2) res.1lts in extremely rapid
fast-recovery hydrogen thyratron, as well recovery of coitrol by the grid, times of
as the use of special techniques for the order of 2 microseconds being typical
triggering its control grid and re-applying for the CX1198 with this grid circuit, which
anode voltage. Two pulse generators were is shown in Fig. 1 in skeleton form.
designed, one being suitable for use where
all the equipment could be grouped together, The charging circuit should be one in
the other being more complex but able to which positive voltage is kept from the
drive a load at a point remote from the thyratron anode for as long as possible
actual pulse generator. after conduction. Fig. 3 shows a previously

devised circuit which meets this requirement
The CX1198 thyratron as finally and is of particular interest in that a

developed had three grid-electrodes, the small negative voltage is applied to the
first serving to pro-ioniss the gas in the thyratron anode immediately following con-
vicinity of the cathode, the second being duction and that, due to the absence of any
used as the triggering grid, whilst the positive d.c. supply, it is impossible for
third functioned as an earthed screen. The the thyratron to go into continuous con-
control electrode was enclosed within an duction. (
earthed box which constituted the third
grid, the assembly being arranged so that The circuit operates as follows:-
the discharge was constrained to pass
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Assuming that C is initially uncharged, V is C was of the order of 100 pF and stray
rendered conductive by applying a positive- capacitances were minimised both circuits
going pulse to its grid. Current builds up could be made to operate at the required
linearly in the inductor L during this rate of 200,000 pulses per second satis-
period and when V again becomes non- factorily.
conductive the energy stored in L is trans-
ferred to C by charging it sinusoidally to The second type of circuit was
a high voltage. A diode can be introduced developed for situations where the load was
at X in order to prevent reversal of current located some distance away from the pulse
but in this application it is better to generator, and this of nezessity increased
optimise the various parameters and to the stray capacitance considerably. This
trigger the thyratrou at the instant of meant that as C had to be several times this
maximum voltage on C. T discharges C via capacitance the whole equipment had to be
the load R. after which V is again made to scaled up to suit. The limiting factor was
conduct and the cycle repeated. Fig. 4 the rating of the C1149/1 tetrode and the
shows the anode waveform obtained at a choice then lay between using several in
recurrence frequency of 250 kHz. parallel or of finding an alternative

circuit which could generate more power in a
The fast-fronted output pulse so relatively simple manner.

generated is of negative polarity and has an
exponential decay determined by the time If an inductively charged pulse
constant CR. Its amplitude is slightly less generating circuit is operated without a
than the voltage V to which C is charged, charging diode it can work satisfactorily
the corresponding current maximum being in three different ways, according to whether
determined by V/R at about 15 A. By it is driven at resonance or above or below
replacing the single capacitor of Fig. 3 the resonant frequency. Of these, the below
by two and altering the circuit to the form resonant mode results in current reversal in
shown in Fig. 3 (a), a pulse can be the charging inductor occurring immediately
generated which has an initially flat top before conduction of the switching device,
which merges smoothly into an exponential the reverse current continuing after con-
tail as before. duction and causing the anode to be driven

negative for a period which depends upon the
As the circuit of Fig. 3 necessitates degree of departure from resonance. As this

the cathodes of T and V being at different is a desired characteristic, the system
potentials, an alternative arrangement has (Fig. 6) was investigated and was found to
been devised in which the circuit operates work in the manner described although it
in a substantially identical manner but could not be made to withstand the full 16 kV
with both cathodes arranged to be at the at 200 kHz. A compromise was devised in
same potential. This involves replacing L which two circuits of this type were arranged
by two separate inductors L1 and L2 and to work alternately into a common load, each
coupling their ends together by means of circuit therefore only having to run at
capacitance as shown in Fig. 5. L1 and L2  100 kHz. The circuit was optimised with the
are then effectively in parallel, the capacitor of Fig. 6 being replaced by a
storage and subsequent transfer of energy cable-type pulse forming network. A pulse
to C taking place almost exactly as in the transformer was introduced in order to reduce
original arrangement. Provided that C1 and the peak voltages occurring on the thyratron
C2 are appreciably larger than C, the anode and coaxial cables. The corresponding
voltage and current waveforms of the two increased peak current (230 amperes) was
versions are very similar and the output within the thyratron capability. The pulse
pulses indistinguishable. With the modi- length of 100 nanoseconds was determined
fied circuit it will be apparent that a by the cable length.
power supply of positive polarity is
required, whereas the original circuit The output rise-time specification of
operates from a negative supply. L1 and 20 nanoseconds necessitated the development
L2 of Fig. 5 can be separate as shown but of a special type of transformer which used
in high power applications it is cables effectively in series at one end and
advantageous if they are magnetically in parallel at the other. This provided a
coupled together. This results in a more perfect match between the network and trans-
economical design without in any way former and introduced no distortion of the
affecting the performance of the circuit, waveform. In the U.K. this type of trans-

former was first devised by S. W. Redfearn
Tubes of the CX1198 type were operated for the Harwell linac circa 1950 and the

in both these circuits for long periods 1:4 ratio version used is shown in Fig. 7.
under burst mode conditions and so long as This gives an impedance ratio of 1:16, in
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the same way as with a normal transformer The CX1198 thyratron which has been

of 1:4 turns ratio and causes voltages to operated in these circuits is of glass

appear from end to end of the four cables envelope construction as shown in Fig. 9.

in the ratio of 0, 1, 2, 3 respectively. Since the requirement was for bursts of

Hence by winding three of the four cables pulses at 200 kHz this design was capable of

on an iron core with relative turn ratios withstanding the dissipation involved. For
of 1, 2 and 3, the effect is similar to a continuous operation a ceramic thyratron of

perfect transformer shunted by inducatance. the GHT14 shield grid type could be used so
Since the pulse currents flow only along that the higher electrode dissipations may
the cables and actual transformer action is be more adequately dealt with. (Fig. 10)
not involved, no deterioration of waveform
is introduced other than that normal with
cables of the length used.

The transformer used four cables
identical to the four which formed each of
the pulse forming networks so that perfect
matching between them was automatically
achieved. The 1:4 ratio meant that it was
only necessary to charge the networks to
8 kV to get a 4 kV pulse at the transformer
input and hence one of 16 kV at its output.
Similarly the voltage at the thyratron
anode rose to a maxi--m of about 10 kV (at
the instant of current zero in the
charging inductors) and was 8 kV at the
instant of triggering.

This charging circuit (Fig. 8) is less
suitable for high frequency working because
it does not hold the thyratron anode
negative for such a large fraction of the
cycle. However, the combined effect of
halving the recurrence frequency and of
reducing the anode voltage of the thyratron
resulted in an arrangement which functioned
satisfactorily. The alternate firing of the
two thyratrons enabled an effective frequency
of 200 kHz to be achieved without difficulty
and no interaction between the two half-
circuits was experienced.

The two types of pulse generator
described were devised with emphasis on
different factors. The first circuit was
designed to run at as high a frequency as

possible with a fast recovery thyratron and
is reliable because the only result of the
thyratron self-triggering is a low
amplitude or missing pulse. It can only
be used for light loads because of the

limitations imposed by the current-carrying
capacity of the pulse tetrode through which
energy is stored in the inductor L (Fig. 3).
The second circuit is based on the con-
ventional pulse modulator used in many
radar sets and can be operated with much
heavier loads. The use of the special
pulse transformer allows some freedom of
choice of load impedance for a given pulse
power. However, this circuit is more com-
plex and for a given pulse recurrence

frequency the component values are more
critical.
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PULSE GROUP OPERATION OF HIGH POWER LINE TYPE MODULATORSO

Robert M. Rowe
Stanford Linear Accelerator Center

Stanford University, Stanford, California 94305

end of line clipper circuit is also required. (These modIfL-
cations are shown schenaticaly in Fig. 2.)

The development of a high power double pulse line type
modulator is described. The design goal output of this Changing from a 20 section series parallel network to
modulator was two 185 kilovolt 2.5 microsecond pulses with two ten section series networks without changin the values
an interpulse separation of 23 microseconds. of the individual pulse capacitors necessitsted a change in

value of the network inductance and turns ratio of the pulse
In order to produce two closely spaced pulses the net- transformer. Assuming an equivalent rectangular output

work of a MAC standard 65 megawatt single pulse modulator pulse width of 3.4 microseconds and a total network capacity,
was split electrically, but not physically. An additional hold Ca, of 0.14 F, the new network inductance, Ln, was dater-
off diode, thyratron and end of line clipper were Installed mined from the faomiliar expression,
thus enabling the two networks to function independently while
sharing a common charging inductor and power supply. La 2

The interaction problems, i.e., sympathetic firing, n
etc. , encountered and the methods used to solve them are
diecussed. This yielded a network inductance of 20.6 H, or about 2 uR

per coil. Each coil can be roughly tuned by changing tap
Introduction points and finely tuned by means of an aluminum slug. The

P. F. N. and switch tube compartment of the standard single
One of the proposals for increasing the beam energy of pulse modulator is shown in Fig. 3. The double pulse

the Stanfrd Linear Accelerator requires that the electron modulator is the same except the single switch tube is re-
beam be recirculated through the accelerator before being placed by two GE 7890's which are placed side by aide on the
delivered to the experimental area. This will result in a mounting plate. The driver chassis for the seond thyratron
doubling of the energy of the delivered beam, but also re- was outboerded for this experiment.
quires that the 245 high power line type modulators and
klystrone deliver two accelerate pulses separated in time by The pulse transformer was the last major item required
approximately 23 microseconds (the transit time of the for the system. The transformer that is used on the
10,000 meter accelerator structure and return drift tube). Stanford Linear Accelerator to match the high power RF

drive klystron amplifiers to the main modulators is rated
General Description 75 kW average power at 250 kV peak pulse voltage and thus

appeared suitable for the job. This transformer has a 72
In order to determine the feasibility of obtaining this turn secondary and a 6 turn primary. The tawns ratio

type of performance from a conventional Line type modulator required to match the new 12.3 ohm networks of the double
as quickly and inexpensively as possible it was decided to pulse modulator to the 1160 ohm klystron load is 9.7 to 1.
use one of our standard modulators as the development However, it has been our experience that a 5 - 10% positive
vehicle. Also, to further reduce costs, as much of the mismatch between P. F. N. and load results in improved
existing circuitry and hardware as feasible was to be used. switch tube operation and increased modulator efficiency.
With those constraints in mind the following overall design A turns ratio of 9:1 will prodice the desired mismatch and
objectives (including the output pulse transformer) were was easily obtained by increasing the primary turns from
drawn up: 6 to S. No other modifications were made to the output

Peak power output (each pulse) 30 MW pulse transformer.
Average power output 85 kW The peak flux density in the pulse transformer core
Output voltage 185 kV max must also be investigated. This is not easy to do with great
Output current 160 A precision In the case of closely spaced pulses and nonlinear
Load impedance 1160 ohs loads. However, some rough approximations cm be made.
Pulse length, fat top (each pulse) 2.5 its The pulse transformer operates with a biased core. As the
Itime (each pule) 0.7 ps result of a 15 A direct reset current the core remanent; flux

Faultimp (each pulse) 1.2 l is nominally negative 9 kG. The flux swing per pulse is
Pulse top ripple (each pulse) * 0.5% 13 kG and the recovery between pulses (neglecting any con-
Pulse separation owminal) 23 its tribution from the reset current since the time onstant of
Pulse group repetition rate 360 per second this circuit is approdmately I ma) Is approximately 7 kG.

If cwe looks at the schematic diagram (Fig. 1) of the etandard Thus the estimated peak flux density In the core at the end
MAC sie pulse modulator, an approach to the problem of the second pulse is plus 10 kG. This is approximatelyImmL iatl s ggests itsodu .laor tnetthe same poet pulse core condition that exists under normalimmediatey sugets Itse!lf Stc the network is 'a4 single pus operation of thi transformr.
split into two parallel 10 section networks, which are dis-
charged simultaneously into a common load, it would also
appear to be possible to discharge them individually into the Onertin Zzmerie
common load. In order to accomplish this a second switch With all modifications complete, the modulator was
tub and drive are needed as well as duplicate c ready to try out. In order to facilitate the Inevitable do-
diode. The latter re required to properly isolate network bugging procedure, a high power salt water resistor was
number 2 after network number I has been discharged. The used to load the pulse transformer for the initial trials. On
single charging trassformer Is retained and the networks are the firs rumap all wa well untl the power s voltage
charged in parallel, as usuAl. I order to protect the second reached 6 kV (apposiwately 60 kV poek p pp t pr
network from over voltages due to load arcs, an additional pul). At that point switch a"e manber 2 starting drift

simultaneously with tabs number 1. It was obvious thstray
Work supported by the U. S. Atomic Energy Commission. coupling of pulse number 1 into the grid circuit of tUbe
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nmnber 2 was causing th. problem. Two solutions suggested At this point the modulator was turned over to the klys-
themselves: shield the grid circuit of the second tube or tron group for their tests. The beam voltage wavefrm
lower its grid circuit impedance. Because of the layout of obtained on a standard SLAC klystron of microperveance 2
the swtich tuabe compartment and the high voltages involved, are shown in Figs. 5a, b, c. From the waveforms of Figs.
effective shielding posed some rather formidable mechanical 5b and 5c it can be seen that the pulse top ripple obtained
and electrical problems. Therefore, the latter solution was was more like * 1. 7% tha the design goal of * 0. 5%. The
tried first. Stble operation was achieved when the number additional pulse top ripple is principally attributable to the
2 tube grid shunt capacitance was increased to 500 pF and mismatch that exists between the pulse transformer
shunt resistance lowered to 5 ohms (Fig. 2). The resulting characteristic impedance a&W the dynamic Impedance of the
output pulses are shown in Figs. 4a, b, c. On the resistance klystron load. (The transformer was designed to drive a
load pulse spacings as close as 10 u~s (leading edge to leading 1000 ohm load.)
ea*e) were obhtaineod. Maximium pulse output voltage was
limited, as predicted, by the onset of pulse transformer In summary it appears that puls group operation at high
core satatioun which occurred at approxdiately 190 MV power line type modiaators is entirely feasible and dme not

require elaborate shielding or other exotic techniques.
Required, however, are muda lower grid circuit imedances
with an attendant substantial increase in grid driving power.
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HORIZONTAL I0 I~sicmVERTICAL 125 kV/cm
HORIZONTAL 5/Hs/cO A m FIRST

VERTICAL 50 kV/cm b PULSE

-.- 175 kV

b FIRST
PULSE

fltI.*O

SECOND
PULSE

,-I-75 kV

HORIZONTAL 0.5 $s/cm

c SECOND VERTICAL 2.5 kV/cm
PULSE

FIG. 5--Modlator output to klyafron load.

HORIZONTAL Ipsstcm

VERTICAL 50 V/cm

FIG. 4--Modulator output to resistive load.
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TRIGGERED CHARGING TECHNIQUES FOR

PULSE GENERATING CIRCUITS

G. J. Scoles
English Electric Valve Co. Ltd.

Chelmsford, Essex, U.K.

Sumay circuit is carefully screened from every-

thing except the cathode. This has the

This paper describes several different effect of coupling the anode and cathode

circuits which can be used to obtain reliable together and consequently "sandwiches" the

triggered charging. For hydrogen thyratron grid between them. The parallel-connected

modulators with duty cycles in excess of inductor L2 and resistor R2 act to delay

0.001 it is usually necessary to delay the the change of potential occurring across C

recharging of the pulse forming network to and V2 and in this way to render any grid-

allow time for switch tube recovery, cathode signal generated within V2 too
small for triggering to occur.

Pulse generators using pulse forming
networks are well known and in the majority This arrangement works well in

of applications a circuit such as that practice, especially when V2 is a glass-
shown in Fig. I operates in an entirely envelope thyratron such as the CX1159, where
satisfactory manner. Because the charging the grid anode capacitance is relatively
diode D conducts immediately its cathode small. Resistor R1 is added merely to limit

becomes more negative than its anode, it any current which might flow from C through
follows that in some cases the time avail- V2 when the latter first conducts and its

able for the switching thyratron V to actual resistance is normally so small that

recover after conduction may be insufficient it does not appreciably affect the above

for reliable operation. Some improvement explanation. It will be seen that C behaves
may be achieved by mismatching the load or to some extent as if it were in parallel with

by using the maximum possible inductance for L1 and this has the effect of decreasing the
the charging inductor but such techniques frequency of the "ringing" which can occur
cannot always be used or they may not be immediately V2 ceases to corduct. L1 can
adequate in all cases, be critically damped by means of resistance

and capacitance in series and so a technique

By replacing D by some device which exists which can be used successfully to

can be triggered, it then becomes possible control the instant of initiation of

to delay the recharging of the pulse forming charging of the pulse forming network in a

network until such time as recovery of the pulse generating circuit.

thyratron is complete, thereby ensuring

reliable operation of the equipment. One A simple and obvious variant of the

obvious way of doing this is simply to standard modulator circuit which first comes

replace D by a second thyratron and to to mind when engineers require to use

trigger the latter once recovery of the triggered charging techniques is to inter-

switching thyratron is complete. In change the position of the diode device with

practice this method does not always work, the charging inductor. L then acts to

although once the reason for its failure is isolate V2 from the transients caused by V1
understood it then becomes possible to and in most cases this makes C unnecessary.

devise variants which do. The problem The disadvantage of such an arrangement,

arises because of the grid-anode capacitance however, is that any ringing of L1 following

of the triggered charging diode: when the the cessation of conduction of V2 has the
main switch tube fires it causes the cathode effect of making its cathode potential go

of the charging thyratron to go suddenly positive and in the absence of damping this

negative and because this leaves the grid voltage may approach three times that of the

more positive the charging tube conducts at power supply. The excessive transient

the wrong time. inverse voltages produced can destroy the
thyratron and quite a few heater transformers

Fortunately a simple but satisfactory have been lost in this position. This

solution to the problem exists, as system, though simple and effective, is thus

illustrated in Fig. 2. Here a small only suitable for relatively low voltage

capacitor C is connected in parallel with applications, typically 10 kV power supplies.
the charging thyratron V2 and the grid Two further circuits exist, however, which
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are in some ways preferable to those already The presence of leakage inductance (or of

described. L1 ) decreases the rate of application of
voltage to V2 when V1 triggers and so sakes

The first of these can take several premature triggering of V2 extremely unlikely.
forms, that of Fig. 3 being easier to explain
though less likely to be used in practice. The arrangement of Fig. 4 is clearly
Here L, Is the normal charging inductor (as preferable to that of Fig. 3, its only
in Fig. 1) whilst L2 and V2 replace the practical disadvantage being the need to
diode D. The inductance oi L2 is much design a double-wound inductor for L2.
greater than that of L, and its function is
to allow a small current to flow in and out The second of the preferred arrange-
of the pulse forming network N, thereby ments is shown in Fig. 5. Here L1 and D1
causing inverse voltage to appear across V1  are as in Fig. 1, the thyratron V2 and
immediately. following its conduction. rectifier D being additional. L isolates

V2 from sudden transients whilst ;1 behaves
Assuming that N has charged very nearly as in the conventional circuit

cosinusoidally through V2 and L1 to slightly (Fig. I). Because the stray capacitance to
more than twice the supply voltage, an earth at A will normally considerably exceed
inverse voltage at once develops across V2  that at B, it follows that when conduction
and L2 in parallel. Thereupon V2 ceases to through V2, L1 and D1 ceases most of any
conduct and a current commences to build up ringing voltage will occur at B whilst the
in L2 . This has the effect of slightly voltage at A will not depart appreciably
discharging N, the lost energy being stored from that of the supply. Triggering V2
in the inductance of L2 . After V, has been controls the charging of N as in all these
triggered to generate an output pulse, this arrangements but with this particular circuit
energy becomes available to charge N to a a minor peculiarity occurs following the
slightly negative potential and so apply an triggering of V1. This is because a charge
inverse voltage to V . This in turn makes is left on the stray capacitance associated
more time available for recovery of V1 , with L1 , V2 , etc., and when V1 conducts this
after which the current flowing through capacitance will discharge through L1, D,
L2 has fallen substantially to zero. V2  and V A small half-sinusoidal current
is now triggered to recharge N via L1 and will hlow and in the absence of D2 this
the cycle repeats itself. would result in charging the strays to a

negative potential. Although not deleterious

The circuit of Fig. 3 is liable to the in itself, this voltage reversal increases
same capacitive effects as that of Fig. 2 the forward voltage across V2 and the inverse
and, of course, the same techniques could voltage across D so it is preferable for
be used to minimise them. liowever, it is the reversal to be eliminated. Rectifier
relatively simple to rearrange the circuit D2 conducts immediately such reversal
in such a way that (a) the effect cannot commences to occur, thereby converting the
occur, (b) the cathode of V2 can be directly second half of the current waveform from
earthed and (c) inductor L1 can in certain sinusoidal to exponential. Resistance R can
cases be eliminated. Fig. 4 shows this be included in series with D2, its value
version and it will be seen that L2 has being chosen to provide a suitable compromise
bean provided with a voltage-reversing between the duration of this exponential cur-
secondary winding, across which thyratron rent decay and the appearance of a short-
V2 is connected. fr lower power applica- duration reversal of voltage at the cathode
tions a thyristor can replace V2 satis- of V2 .
factorily.

In theory such a reversal might assist

V2 can be triggered to initiate the slightly in the recovery of V2 , but as the
charging of N exactly as in Fig. 3 circuit flow of current through D2 only occurs at a
but here the cathode of V2 is earthed and time when V2 is non-conduEtive, there is no
the anode positive prior to triggering, possibility of V1 and V2 conducting

L1 determines the charging cycle whilst simultaneously and so short-circuiting the
the self-inductance of L2 is effectively power supply. D2 , of course, must be rated

in parallel with V2 and so controls the to withstand the supply voltage in reverse,
current which provides voltage reversal for but the mean and peak currents flowing
N. Varying the ratio of the two windings through it are very small.
of L2 enables the performance of V2 to be
optimised. If L2 is designed to have A further method of triggered charging
a.-fficient leakage-inductance, then this using grounded grid techniques was

can be made equivalent to L1 and the latter suggested by N. S. Nicholls in a paper read
entirely eliminated as a physical entity. at the Seventh Symposium. This system has
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now operated satisfactorily for several
years. One possible limitation, however,
is the obvious risk to the thyratron grid
circuit if the silicon diode does not turn
on quickly enough.

From these descriptions of several
methods suitable for initiating the charging
of pulse generating circuits it is clear
that quite a number of solutions exist.
The choice between them will depend upon
the circuit parameters and upon the ratings
and availability of the various components.
However the circuit of Fig. 5 is probably
the easies, in practice to engineer for
reliable operation.
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bum pulse to a turn-off electrode which foras pert of the
c athode. Boes of the CPA's sef modalation caps-

Mhe mysten described in used to p~tvvtds a very bility oaly a stable 10 VI d.C. power supply is
stable 0 kV doc. power supply for an It ewitaoed CPA. required to provide the 2U* current pulse noeesry.
The staility is provided by a novel quoutua stabili.. The general arrongemenut of the transmitter is ot
MAtIo method using a controllable high frequency in Figure 1.
inverter to charge an Mreservoir capacitor to en
seanrately determined level. The use of a high %he phase pushing oharacteristic of the CPA
inverter frequenc ~2tly reduces the bulk of the requirm a stability of t±5 parts in V04 from the d.c.
power sapply by eliminating an1 maine frequenoy power supply to maintain the :t 10 phase change from
trmwfozUer and filters. Similar teohiqus have PAOlse-to~lse. Using a onventional power supply
also been uccesfully used for hiji stability palse would require buiby smoothing components as well as a
forming network charging mqstin hard valve series stabiliser. The ombination would,

be prohibitively large end heavy and wUcl not mimk
Inroucio the beet advantage of the CIPA's smll mss end its

h40i efficiency of about 50. The mss of & ocueeb
The system deecribed in this paper was devised to U0i01 Power supply of thin nature is determined by

triniut a stable radar pulse. Por shiphorme use a the inAM frequency and if a such Mhair frequency
compact, lijit"We hiali effiotency equimnt o ould be used then the sine of the atep-up transfo ur
eseetial. Also a wide ring. of variation end and the ripple ioctain omponents would be greatly
trommimato an the ship's mine electrical supply had reduced. The system dsoribed here utilies a high
to be colered for to avoid the weed for a sepamate frequency Inverter for this pupose. The gmural
esiuvxo. arrangemesnt of the power supply' is aborn In higue 2.

The 400 IS too. M&an supply Is rectified and the
The oold..cathode, W switched crossed-field resuting d.o. is then chopped by a high frequency O0R

amlifier (WIA) offers a hi" conversion effioiency Inverter, transformed to 10 hf, rectified and used to
ad smll sim oom~e with other clses of 1W supply the reservoir capacitor from *Licb the CPA
amlifiere this type of CYA us amost sel modulating draw* its current pulses. The Inverter is also used
%biob amida the necessity for a hija power pulse to stabilise the Mvoltage by a aquantv" aorging
modulator. The tube require. a i" stability=- technique desoribed below.
supply and a mall modulator for boas quenching.

A hi" frequency pownr Inverter oem eabe a tbisfo
ono - powar systam to be made and it am be control- Voltage droop requirements dictate en -u rager-

led to achieve hij -l stability required. A Voir capacitor of about 3/0. This capacitor met* be
Mutsu vaing a "ij frequency Inverter am also be recharged during each int~rpalme period, with a voltage
made toloent to a wide rnw of variation in supply stability Of t o.os%.

A otabilising and charging method has bees
The WA Yr~ttawdeveloped 1 whick employs a hija-treqemy, hij-powr

inverter ta generae pulses, or wqouta of charge,
thin trammitter isneued as the power output Pigure 3. The Mreservoir is recharged daring the

stae for a Versatile enperimta4 rudar. %ae CIA interpolse period to the required voltage level &ad
used goue i 100 peek pwr V pulse sat &ame them the inverter is tdedooff. Providing the inverter
PON"r of up to 3 W. The radar systen require. a frequenc In sufficiently h", the imneent in -
stability of 1 10 In phas from p&Lse..-UMs -4ic& voltage for each charging pulse cam be me"smalli.
mot be maintained over a reng of P.RJ'.@ extnding The sine Of each increomet defines the possible vanea-
free a few banded harts to sM hiohertg. The Puls tion In the final voltage and hence, the stability.
lengt ad1 een Power We variable med. the P.32. is
else "Ject to variaties of up to~ i 0% from pul~se- aitcmi upyvlae ipea rdet
toe90a10*e. stability met be mintained. ader all will innfimeo the amlitude of each oharging pulse.
theme oIpeatng esm0tlne. tOwever, the stability in defined Oly by the m&VA-

The A est & ato-mtrmst eam oo&.okbt *Me of the final pulse. therefore, for a "ij

M0tb feeThe WAu ed eartrn bas i osthede inverter frequency, the total M voltage in chenged (U-swtche deice.Theeleereshem n mtche en by Only a vey small proportion for relatively larg
IF the IF drive Of 5 IN peek VOVar gonerated by a vang"Lone in eupply voltage.
smll V1d-pisd M. At the end of the RP drive
pulse the eleetram beau in dot-eff by applying a
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For the 7 W system reported bare, an inverter to also contained in the trouformr am and ie swted
frequency of 21 k~a was ni aseary to give a stability above the tuiforme. An earthe" sareen io provided
better than + 0.05% apsiv4t1 & d.c. input voltage between primex'yand W ecomlay.
variation ofM 25T to 310 V and avminet & P-J'

vaitin o± 10%0 pulme-to-pulae.

if Pwer nvereriM completesetabilised paves supply wsa is
outlined by the block diagrmm whom In Figurs T.

2hw 21 W~e 7 WE inverter was required to operate
directly ftum & 3-phase 400 Be eupply, to avoid the So. three-pbs supply' (WO T line) Is bridge..
bulk of a 400 En isolating trmmformr end that of a rectified to provide a doc. inu to the invaer of
mains; ripple filter. Apart from the sabilistio. epprosiamtaI 300 V. So maime ripple simothing ite
teohniques the use of a hi~h Inverter frequency also inoorporated.9 but hi*.freqeenq' inverter curent
enabled a compaot power conversion system. INpmut 0 r mupap@SAntd by a reservoir oapeottem, to

"O-lnm starting win desirable to eliminate the apmkfoth"rsinuaceotesply
nee" for a 400 Rs veriable muto-trmnsfornmr. Sines The inverter is protected Wy a feet-eating
the 10reservoir to initially discharged, the thyriator wich end croatar systex, Interpoeed
Inverter wast be able to accept a load varying from, a between the supply and the reservoir. In the sen of
shert-cironit to the actual Impedance sfter starting. an ane In the PAt and subsquent W oroer opsratiort
In addition, oce the Inverter is ening, a 'varying the Inverter triggers ane gated and the 3W T meriee-
load watch wat be scomodated due to input voltage switch opened . Become of the short-circuit capability
vaiatios; wbilut the output voltage (M voltage) is of the Immerter, the inverter will osmitatsearxorr
stabilimed to a contant value. with the Worowbarred.

A mrie-oaintaed circuit was cnsidered moet In the event of failure of as Inverter omponent
suitable for a hieb-frequency, thywistor-euitom during nerval, operation, the 300 V orouber is also
inverter. This mee principally because the thyrietor fined to protect the Inverter tkyristoze.
current; and voltage weveforms ane approximately
defined by sinumolda, giving good conditions for hik ibo 21 bft inverter outputo stepped-oup to'
frequec switching. mrentfimlei 10 kY, brldge-9atified mld epplied to

the w - 0e soe w voltaes is
PM. besic seris-inverter, Figure 4, requires a smled during the cycgeople and the Inverter gated-

closely defid load Impedamc. Ymzliationm in off chm the stabilized rsfeainom level to reached.
nImtnce awe reflected In large ohuigee in critical Recense of the loedmatch toibmees for the ibtez,

perameters seek as peek re-applied thyristor voltage it Is possible to prosat this leoel to &V value in
and load cuurent. Low load Impedenoes would lead to the equivalent renge 2.5 W-12.5 WV. Apart f rom
intolerable voltage and curret levels. Gemtting the final operatin point, this facility is

Particularly ueful for tube-oaniitionin exercises.
To oae0o" the problem of sensitivity to load Independent proteotIn -p4=et the W volage riig

Inpedaee a modified cirouit; vas employed, Figur 5.* above a safe level is provided by sensing the w
With the modified system, stored suera In the traneformer primy voltage.
oinmtaing inductors is returned to the mains supply
if the inductor voltage eating exeeds a defined level. i.'Picsl Weveforms illusting the stabilisation
Whim designed oovrretly, this Iniuotor.-wltaselimit- WesqeM wre shown. in Figure B. In this usese, the
ing, or "MY" WOste enables operation into a load inverter P.12. bed been, redued becaue the system
vesling from ehert-aironit% to normal impedance. MY power reqairemnt me reduoed to about 2 kV. The
Is alsom omp %ibl with the "SAWed operation by desies stability of t 0 .05% was achieved with the fial
Interruption, of thyrietor trigger., required for the srstem for a total Input Voltage perturAtiMAn of (a~ T
questam stabilizat ion metho. (I*e 2%).

lack thyristor switoh comprises two series A fwuhr advantae of the system is th6aftn"open-
deviose. aeek devioe in a veetingbouee3 (aK) type cirouit" capebility exists. anoe the wreference
Dill"k lbthyIstor with as Peek repetiv vltage 31191g level is reached with the load disonnected, the
of approxmately 550 V mld a recovery time of about Inv%~te inr smdtched off. Ooeommia barfts at opero-
5 jWin suibe are fired alternatively mld pes se tn Vat n required to nehe-mvp leakagee in thew

gaf-e OiUs cUrren Palse" of up to 20A peak. circuit. ot ase radar syste, - -orobluldg (en.
noe mitchime..lce for each devioe is appuoxiateiy interruPtion in transisseion over a defined are of
105 V for as Inverter input power of 8.25 kw, toe aeria revolation) is therefore peesible.
giving a total thynistor loss of about 5%.

Uio..dieleotnio~~~M oottn meioetePeek re-applied thynistor voltag increaes by
Ni~mdi~~ctrc ommiaatig opeoion n usd. nly10% Was the load varies frum normal Impedance to

"me oammating; Inttor/MY transformer mite ane ohmociruit demontrating the effectiveness of the
.mn Ion a ferrite air-spped Gore ld immered in MY mystaft.

tsumfomWe oil for insulatimn mld oooling purposes.
bm efeotwMeeg Of Mn IlL NWOstem Impaired bty the no measured effiotemoy for the complete system is
1e~ag ladte e of the MY %ruisfome mld of the apprateateir %)%. nom principal losee aedissipated
Ourret-cstuzu IoMP- ?Or the developed invert.,, oar- In the SWItaking thrrietore, W temfozuwer mld
fal attention ue paid to adzniss these paumetes. oint~eing IntooR/asmping tranfowr.

T~jf t14-40$efaor (1062 1) is wound an a A pbotogreph at the .mlftO emerimneta inverter
'Austa troialcarean ml mereed In transformer poses supply Is showm in Figure 9 mld a view of the
Oi-Avmo i rmfra ibrmfo qisa ntle ntetanta gioi



and isMd, about 70 kg. For a fully-emcineered
sodal, mise an wigt would be signifioentlY reduced-

since the systo dsoibed above will charg and
wltage-stabilise a capacitor, the no technique is
&ioshl to the line-type mnodulator. In this case,
the ..- capeoltorem ooUpltely diaobargmd during
each load palse, Since the equivalent; change in
caascitoz 'voltage per inverter pulse is much largert
a seond lowspower inverter mW have to be u-e during
the final wsap of the charge to achieve the desired
stability. im is because the stability is defined
b7 the malitude of the last chsrging pulse.

Such a systm replaces the carging choke, LF input
filter mdLIP -step."p transformer in a conventional
ars=m. Mtabilization against ripple an amino
trooionts is achieved together with the possibility
of a wide rawg of ontrol of PO 'voltage - A fuarther
advantag lies im the fast switoh-off bF Interruption
of inverter triggers and the short-circuit caPability,
which give a built-in fast f alt protection for the
medulaoe.

The enthor wish to thank Us NinistrY of Defence
(Procuremnt Raouive) and Soe Technical Direotort
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A POST-CHARGE REGULATOR

K. M. Smalley

Raytheon Company, Wayland. assachusetts

Su~rranry or current drawn by the voltage-divider requires
that the regulator be capable of putting a ramp char-

This paper describes a novel regulator for a acteristic on PFN B to remain within regulation until
line-type modulator to reduce pulse-to-pulse load the end of the longest interpulse period. For this
voltage ripple due to variations in PFN charging reason, a small current source as shown on the dia-
voltage. Control of the PFN voltage is accomplished gram is required.
by dividing the conventional PFN into two series-
connected networks, and dissipating the excess The principal advantage of the use of two net-
charge on one of the networks. In many cases, the works is that the ms.xinum voltage appearing on the
extra network can be a simple capacitor. Regula- dissipative element is only a small fraction of the
tion is accomplished by use of a closed-loop regu- total peak resonant-charge voltage. For instance, if
lator which senses the interpulse voltage of the the peak-to-peak value of variation in resonant-charge
series connection of PFN's and controls a solid- peak voltage is somewhat less than 10 percent of the
state dissipative element to reduce the total voltage nominal value, PFN B may be selected to have an
to the desired value. The dissipating element need impedance of 'one tenth of the impedance of PFN A.
only have a voltage-rating somewhat greater than The maxmum voltage appearing on PFN B (and on
the peak-to-peak ripple variations in charge voltage the dissipative element) will then be only one tenth
existing without the regulator. The regular is all of the resonant-charge peak voltage.
solid-state, and circuitry is all ground-based. There
is no necessity for a fault-current diverter across An additional advantage of the two-network
the dissipative element, as a short to ground at any arrangement is that, due to the fact that regulation is
point in the circuit (such as thyratron "ha gfire") accomplished at a much lower voltage level, the curr-
will not damage the regulator. In applications invol- eat source used to compensate for interpulse droop
ving staggered repetition rates, closer regulation on PFN A can be obtained from a proportionately
of pulse-to-pulse resonant charge voltage can be lower supply voltage.
obtained than with regulators that maintain the D. C.
HVPS voltage constant. This is possible because During the pulse discharge cycle of the modu-
the regulator will compensate for variations due to later, the circuit.behaves in the same manner as one
leakages in the charging diode sad switch, and for containing a single PIN of impedance equal to the sum
dielectric absorption in the PFN. as well as for of PFN's A and B charged to a voltage equal to the
changes in the D. C. HVPS voltage. su of the voltages across the two networks.

Block Diagram The dissipative element may be either vacuum
tube(s) or semiconductor(s).

Figure I shows a block diagram of the regula-
tor as connected to a line-type modulator. The regu- Simplified Circuit
lator ts shown within the area enclosed by dashed
lines. The remainder of the circuitry is conven- A simplified circuit of a transistorized regula-
tional for a line-type modulator. As can be seen. tor is shown in Figure 2.
the regulator consists of the pulse-forming network
B. the voltage-divider need to sense the sum of the In the voltage reference portion of the circuit,
voltages on PFN's A and B, the voltage-reference, RI supplies current to the reference diode VRl. R3
the differential-amplifier to c6mpars these two in- and potentiometer RZ are used to adjust the reference
puts, and the voltage-controlled dissipative element voltage input to the differential amplifier to accomm-
to discharge the excess voltage on PFN B. odate tolerances in the reference diode and to allow

adjustment of the regulated voltage.
Operation of the circuit is as follows: During

the resonant-charge period, the capacitors in PrN' s Should the regulator requirements be such that
A and B are charged in series by the power supply only short-term regulation be required to minimize
and charging reactor through the charging diode. pulse-to-pulse variations in PFN voltage, the 4. c. -

stable reference circuit may be replaced by a voltage-
During the remaUinder of the interpulse period, divider on the high-voltage power suprly. The output

some of the charge In PFN B is removed by the of the voltage-divider should have a capacitor of
dissipative element. The voltage-divider, voltage- sufficient size that its time-constant is large compared
reference, and differential-amplifier in conjunction to interpulse periods or pulse train intervals.
with the voltage -controlled dissipative element,
form a closed-loop regulator to remove the appro- The compensated voltage-divider is comprised
priats amount of charge on the capacitors in PFN of capacitors CZ and C3, resistors R7 and R8, and
B so that the voltage from point X to point Y is con- compensation-trimming; potentiometer R9. C2 and
stant at the end of each interpulse period. R7 usually are made up of many resistor-capacitor

sections connected in series so that precision com-
After the regulator has reduced the voltage on ponents, more easily obtainable in low-voltage units,

PIrN 8 to the correct value so that the sum of the may be used. The total resistance of the divider
voltages on the two PiN's I* the desired resonant- should be as high a practicable value as possible to (
charge voltage, any further decrease in voltage on minimise discharge of PFN A between the end of the

either of the PrN' s due to leakage current in the resonant charge period and the following pulse. Other
charging-diode, switch, or the networks themselves, factors Influencing value selection include variable
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leakages of the compensating capacitors, resistor citance replacing PFN B. If necessary, PFN A may
value stability under humidity and condensation con- be designed with a rising characteristic during the
ditions, and maximum permissible output resistance pulse to nearly eliminate this droop.
of the divider.

The discharge network comprised of R14 and

Qi is the differential amplifier transistor. CR3 is used to remove any voltage remaining on PFN
Depending upon regulator stability requirements, it B at the end of each pulse. If this network were not
may be necessary to use a Darlington or other corn- included, the voltage remaining on PFN B at the end
pound transistor configuration here to obtain a suff- of the first pulse would be negative, which would not
iciently high input impedance such that variations of allow PFN B to charge up sufficiently during success-
same will not result in excessive variations in divi- ive resonant charge times to allow the regulator to
der ratio. R6 is used to supply a constant current have its full dynamic range. The time-constant of
to the emitters of the differential amplifier from the the circuit formed by this resistor and the total capa-
negative supply voltage, EZ. If necessary, R6 may citance of PFN B should be small compared to the
be replaced by a transistor-supplied constant-curr- resonant-charge period, although the smaller the
ent source. resistor value, the larger the peak current that the

diode must accommodate.
The buffer and level-translator stage is com-

prised of transistor QZ. and emitter and collector Output Stage Using Series-Connected Transistors
resistors RI0 and RlI. VRZ is used to limit the
maximum positive and negative voltage levels sup- Should the voltage requirements of the output
lied to Q3. In many cases, the capacitance and stage exceed that obtainable with a single high-voltage
storage-times of a zener in this location are unacc- transistor, several transistors may be used in series.
eptable. if such is the case, a resistor is used to Figure 3 shows an arrangement using three series-
supply current to the zener, and it is decoupled from connected transistors.
the base of Q3 by a fast recovery diode. Then an
additional diode is required between the base of 03 Transistors 04, 05, and Q6 are the output
and ground to limit its reverse base voltage, power transistors and they are driven by Darlington-

connected transistors 01, 02. and Q3. Resistors
03 is the power transistor used to dissipate RI. R2, and R3 are used to apportion the voltage

the excess charge in PFN B during the regulation stresses an the driver and otput transistors. Re-
period. R12 in conjunction with VRZ is used to sistors R4. R5, and R6 are used to prevent leakage
limit the peak current for second-breakdown and current in the driver transistor from turning on the
recovery considerations. For optimum design, the output transistors. R?, in conjunction with the vol-
current is usually limited to the minimum value that tage-limited input provided by the buffer stage, limits
will allow regulation to be obtained by the end of the the peak current in the output stage. VRI, VR2, and
minimum interpulse period. VR3 are protective seoer diodes used to prevent

excessive voltage from appearing across any of the

CR2 is used to isolate Q3 from PFN B at the driver or output transistors.
end of the pulse, when the PFN's become negatively
charged due to the load mismatch provided to ensure The combined gains of the Darlington-connected
recovery of the switching element. transistors should be high i' that equalizing resistors

RI, RZ, and R3 may have large values. This resis-
Voltage E3 supplies current through R13 to tive divider must be supported by the current-source

recharge the capacitors in PFN B during the inter- used to provide the ramp characteristic on PFN B.
pulse period to &How the regulator to maintain a
constant voltage from the top of PFN A to ground For an optimum design, the equaliing ress-
when the voltage on PFN A droops due i leakage tore will not have equal values. The values should
currents and loading of the voltage-dividers. E3 be selected so that at minimum voltage and maximum
should preferably be a large voltage compared to current in this stage, the voltages are approximately
the maximum voltage appearing on PFN B to mini- equal, taking into account the fact that the driver
mine current-supply variations over the operating transistor base currents make the current increase
range of voltages across PFN B. It may be desir- in progressively higher resistor sections.
able to put an inductor in series with R13 of such
value that the * time-constant be long compared Timina Macrame

to the nterpulse period. T,'. conserve dissipation Figures 4a, b, and c show the interpulse volt-
in the circuit, it may even be desirable to replace age waveforms appearing on PFN A, PFN B, and
R13 with a transistor-supplied constant-current the sum of both PFN' s, respectively. The waveform
source. amplitudes on all three figures are to the same scale.

B is designed such that the resonant- For clarity, the waveforms represent rather extreme
PFN iconditions of a regulator correcting for +10 percent

charge voltage appearing on it at the end of the changes in power supply voltage, 4 percent droop on
charge cycle is equal to the peak-to-peak voltage the PFN during the interpulse period, and a reso-
variations appearing on PFN A plus an allowance for
minimum voltage-drop on Q3, ramp voltages re- nant-charge period consuming only one-third of the

quired on PrN B, tolerances in values of capaci- interpulse period.

tance of PIX's A and B. and regulator drift. Curves A, B, and C are for conditions of low.

In many cases, P714 B need only be a cape- nominal, and high power supply voltage, respectively.

citor, rather than a network. This is especially The resonatir-charge period Is from t0 to t1 .
true for short pulses, on the order of a few micro-
seconds or less. If PFN B is merely a capacitor. The regulation period is shown as occurring between
it will contribute droop to the pulse waveform. The t I and t7 . In actuality, the regulator becomes active
percentage droop contributed by use of a capacitor prior to the end of the interpulse-period. somewhat
is approximately equal to the percentage ratio of flattening the top of the resonant-charge waveforms
the capacitance of PFN A over the value of cap&- on PFN B.
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Figure 4a shows the top of the resonant-charge
voltage waveforms on PFN A, and the droop appear-
ing on the network for the remainder of the inter-
pulse period.

Figure 4b shows the entire interpulse voltage
waveforms on PFN 8 during the interpulse period.
Curve A shows that for the low power supply volt.
age condition, the voltage decreases exponentially
until time t 2 , at which time the slope changes from
negative to an essentially constant positive slope to
make up for droop in PFN A. Curve B shows that
for the nominal power supply voltage condition, the
slope is constant until time t 3 , due to the current-
limited operation explained previously. Then the
voltage decreases exponentially until time t4 . Curve
C shows that for the high power supply voltage con-
dition, the current-limited operation occurs for the
longest period of time, from tI to t5 , and the slope
does not turn positive until time t6 .

Figure 4c shows the top of the resonant-charge
and regulation period waveforms for the sum of the
two networks. It is obvious in this diagram that
regulation is obtained after times t2 , t4 , and t 6 for
the three power supply voltage conditions, respect-
ively. Therefore, as long as the thyratron is not
fired until after t6 , the voltage will be within regu-

lation, regardless of the variations in peak reso-
nant-charge voltage.

Conclusion

By inserting a snall PFN in series with the
ground return of the primary of the pulse transform-
er in a line-type modulator, we are able to effect-
ively regulate the resonant-charge voltage by means
of a closed-loop solid-state regulator. Since the
voltage on the added PFN need only be slightly great-
er than the total variations in peak resonant-charge
voltage occurring without a regulator, it is feasible
to use transistors to dissipate the required amount
of charge on this PFN during intorpulso periods.
The regulator's capability of compensating for leak-
ago discharge of the main PFN throughout the inter- ==
pulse period l of particular advantage for applica-
tions involving staggered repetition rates.

Figure 1. Block diagram
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Figuire 2. Simplified Circuit
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HIGH VOLTAG FUSES FCR PRAM A~rR RAWA TRnUMTTD
S. Schneider, A. Buffa, and J. Carter

US Army Electronics Cmnd

Fort Nonmouth, New Jersey 07753

In large phased arr-y7M-r system utilising The clearing time and pesek current were artrarilV
microwave amplifier arrays connected to a a . chosen an an objective. The stringency of this re-
power supply, it is necessary to provide isolation quires ws because of the non-amailability of hard
between a faulted amplifier and the other amplifiers information on the fault dissipation capabilities of
in the array. A series interrupter in the fora of a microwave amplifiers. The operating condtions are
high voltage. fuse has been evaluated for this appli- comatible with the amplifier, being developed for
cation. The high voltage fane is attractive due to use in ballistic missile defense radar systsm.
its low voltage drop, low cost, sine and weight. A
50 kV fase with a current rating of 4s A RitS and a DYKVLOPIr PROGRAM
curret Interruption tins of less than g0 L&s has been
developed. This type of fuse has been found satis- A fuse rated at 5 W~ and 1 A M4S was develope
factory for the mjority of phased array tranmtter and built in large umbers for us in the PPS-Ff
applications, radar system several years ago. This fuse formed the

basis of two approaches to the problem. The first
fliTRODUCTION approach ias an WON1 internal program to develop tech-

In large phased array radar systemse utilizing niquas to use the esixting 5 WV, I A fuse in series-
microwave amplifier arrays, the mss, weight and cost f~rllel combinations to obtain the required 50 W,~
of an individual energy source for each amplifier M4 rating. The second approach wes an enternel pro-
requires consideration of the use of a comn energy Bran to develop a single fuse to operate at 50 kV and
source for a umber of amiplifiers, it is necessary to 4 A WS.
provide Isolation between a faulted amplifier end the
other amplifiers of the array. The conventional crow The high voltage DO fuse consists of an exothemu-
bar or anarg' diverter ts unmatisfactory since they ically burning wire embedded in an air-excluding
dum all the energy In the sour-ce, thus shutting down encapsulating compound. The wire consists of psil-
all. the other microwave amplifiers connected to the dium over an aluminujm core, with about equal cross
common source. A series interrupter which will only ecotional area of each. In the design of a sensitive
disconnect the faulted amplifier is required. A re- fuse, there is a conflict between the 35S curn
view of the various types of series interrupter carrying requiremnts and the interrupt tift require-
showed that a high voltage fuse ws desirable for the uets. High RMS current carrying capacity requires
following reasons, that a large cross-sectio be used while a very sensi-

tive fuse zist, be built with a -1 wire cross-eec-
a. The voltage drop of the fuse is lower tion. The solution of the problem io to surroud the

than ain' other device. Therefore, the reduction of wvire with some substance which transfors a large
microwave amplifier efficiency is loe. amount of heat avey fron the wire. The encapsulating

msaterial used is. filled epw7 with the filling agent
b. The cost, &sn and weight of the fun se being fine grain send. This mteria~l has my deelr-

lower. able features but is not a very good therml conduc-
tor. It also begins to vaporize at a temperature

c. The device is simple and a= be made loe then the ignition point of the fuse wire.
highly reliable. 

M PR OOF5kPUI
The major disadvantage of the fuse is that it is The 5 Icy, 1 A fuse has been produced In largea one-shot device and must be changed after each umbers for several years. This fase has perfored

fault. The decision was made to develop a high volt- satisfatorilY in the FPS.85 radar system. Therefore,age fume for us in phased array radar transmtters. an Internal investigation was carried out to deterwine
A progam was initiated to develop a faae to iset the if the fuse could be operated In series to satisfyfollowing requirements. the 50 kVY voltage requiremen. The -mjor problan with

series operation of fuses is to insure that whn aOperating Coditions fault occus that all fuse blow at the samn time, so
that the voltage rating or the Individual fuses is notPeek Current - 16 A exceeded causing external arc-over or restrikm. Tests
were conducted with a umber of fuse In series with a

Average Current - 1 A capacitor shunting each fuse to Insmae that the fault
current would flow long enogh to blow all of the

me5 Current - 4s A fuses in the chain. This technique mes foun satiso-
factory. later tests showed that the fuse charater-

Amient Temerature - s0* P to +125O7 istics wers uniforst ene to Innse comlete blowin
of each Individual frse without the b-pass capacitor.

voltage - 50 kVdo
The massnied clearing tim of the 5 kcY fuse as a

Fault Current - 160 A function of peak current Is sown In Figur 1. A
umber of these fuses mrs tested and found to be very

Clear9n TIMe - 10 Lis uniform with respect to clearing tim. A 20 kcY,
*Clear iLog Time is defined as the time for current

codcion to cease.
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2 ARNS series parallel combination of the 5 kV fuses energy lost from the energy stomp bank is 438
in shown in Figure 2. A 50 W7, 4 A RMS chain was Joules.

also constructd. The voltage and current of this
combination aa function of time after initiation of In Fiur 7, Can 32, for 290 A peak, the energy
the fault is show in Figure 3. The clearing time required to blow the fuse is 106 joules. The total
at peak current of 900 A ic about n Ls. These energy dissipated in 382 joules while the energy lost
chains wre tested at USASCOK and Hughes Aircraft Co. from the energy storege bank is 303 Joules. The dif-
Simlar reuults war obtained at both locations. forence can be explined b7 the lack of precision in

measuring the voltage. A u portent error in voltage
M1EWPMf OF 50 W, 4 A RS FUse on the capacitor could account for the differenoe.

A mine-moth development program was placed with In Case Mf, Figure 8, for 500 A peak current, the
the Bndz Corporation, Contract No. DAAD07-72-C- energ required to blow the fun is 51.l Joules and
0039, to devlop a single fuse to satisfy the toch- the energ lost in the resistor i 18 6 . Joules for a
nical requir a mta. A number of approaches were in- total of 237.5 Joules. The energy lost from the oner-
vestigated, however, the final design closely resem- gy storage bank is 230 joules. The data for Cse IV,
bles the 5 MV, I A fuse. described in the previous 630 A peak is shown in Figure 9. The enoray required
section. The fuse used five 1. i l Pyrofuse wres to blow the fuse is 68.12 joules while 151.28 is lost
encapsulated in sand-filled epoxy. A photograph of in the resistor for a total of 219 Joules. The en-
the fuse i shown in Figure . The fuse is 12 inches orgy lost from the energy stomp bank is 216 Joules,
in length, has a core 2 inches in diameter, with cape which compares favorably with the total energy di si-
2.12 inches in diameter. The cover is Lexan with a pated in the fuse and resistor. The clearing tim in
mall thickes of 0.12 inches. microseconds is plotted as a function of peak current

in Figure 10, using the data presented above. The
TEST C0DTI0 straight line fits the emperical equation.

High voltage tosting w accomplished with a DC
power supply, an energy store capacitor, and a high t - 0.26 ib " (1)
voltage switch. The capacitor was charged by the
power supply and discharged through the fuse. Cur- where t is in sec and A in amos
rent limiting resistors were used to control the peak
current through the fuse. The circuit of the test The total charge passed by the tube a a function of
set up is shown in Figure 5. The current through the peak current is also shown on the same graph. The
fuse was monitored with a current transformer while curme is also a straight line and has the equation.
the voltage across the fuse and on the energy store"cap acio r was na rred by a pec al h ih voltage q - 8 x .10-"  -b  2 (2)probe. The one-shot voltage and current waveforms b

are reorded by a cere synchronized with the high where q is in coulombs and A in amps
voltage mwitoh. These two equations show the desirability of operating

TMST T=S with the highest peak current that the constructionTEST RESULTSof the iicro'ave amlifer will permit.

The voltage and current charactrstieo of the

fuse, when subjected to fault conditions, were re- The resistance of the faulted fuses as a fumc-
corded on a photograph. tion of time for Came I, ]I and M is plotted in

Figure 11. The initial slow increase in resistance
The informtion contained in the photograph was is duo to the heating Of the fuse wire by the fault

plotted n graph paper uting a larger scale for de- current. The fuse wire then vaporizes and form a
tail analysis. A plot of the data for a 50 WV "ingle plasm. The resistance remains nearly constant until
funa is shown in Figure 6. Peak current, voltae the plasm starts to deionize. As the plans& do-
across the fus, and dissipation ame plotted as func. ionises, the resistance rapidly increases towards in-
tions of tim. A imiting resistor mas used to con- finity to interrupt current flow. It should he noted
trol the peak current through the fuse. Plots for that the ionization and deionixation tim for the
peak currents of 160 A, 290 A, 500 A and 600 A are three fault current levels varies over a narrw range,
shown in Figures 6, 7, 8 and 9. It is se that the while the tIm required to heat the wire to the ion-
clearing tim, or time required for sero current, isation teperatwe varies over a much wider rap.
through the fume varies invermely with the peak cur-
rent. The clearing tim for 160 A peak current is The curves for all cases show the @am character-
hO we, and for a peak current of 600 A, the clearing iutia. The current decrease. slowly dse to in-
tim is 20 us. creased resistance of the fuse wire. There is an

abrupt increase in the elope of the curve when the
The plotted data is used to compute the energy plasm formed by the melted fu e wire delordses.

and charge disesipated in the fuse and limiting resie-
tor. The charge in coulombs is found by integration AMWF3 PROTEMoN
of the current wavefom. The energy in Joules d -sied
pated in the fuse is found by integration of the The toot results presented above oft be used to
dissipation lavefor., The energy in joules dissipa- determine the amount of energy dissipated in the
ted n the resistor is fond by integration of the structure of the microwave amplifier. The energy
square of the currentm ltiplied by the resistance dissipated in the microwave amplifier is the product
of the limiting resistor. The oemutationa are of the charge through the cirwit and the voltage
oheoked by comaring the sum of the energy dissipated drop Across the microwave amplifier.
in the fuse an resistor with the energy lost frTothe soma stompl bnk dburlM the fault. The data, presented above •an be used to eesipuethe total charge. Unfortunately, very little Lnform-

In Cae I, shown in Figure 6, the energy dism-. tion is available an the wltage drop aeros the ena
pated n the fue is 60 Joules and in the resistor is of a faulted avlaer. The best Informatin is.
386 JoUles, for a total of 446 Joules. The total Oates that the voltag drop in a nominal IM vlt.
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Using this value, the emergy diseipated :in the mi~cro-
wave amplifier in platted in Figure 12. The values
range from 0.15 to 0.80 for the case considered
here. There is also very little information avail-
able an the amounot of energ required to dampg a
micowmave amplifier during an are. The msost fragile
type at amiplifier in comn use is the gridded Can
traveling wave tube amplifier. A survey of all
manufactuarers at this type of amplifier indicates
that 10 Joules is a conservative value. The fuses
toeted during this investigation limit the energy to
a value well below the potential duge range.

CCII=LSI0NB

The high voltage DC fuse in a practical answer
ta the problem of fault protection for the microwave
amplifier array. 3:n order to dissipate the lowest
amount of enery in the microwave amplifier, the
amlloot current limiting resistor possible should
be used. The inma~o peak currant that can be paused
by an amplifier without daumge is a function of tube~
construction. Reliable data on the impedance of the Figure 2
amplifier during a fault and the -3dmsm peak current
than can be passed by the amplifier is required in
order to design reliable protective circuits using

series interrupters.
The fuse does not significantly degrade ampli-

fier performance since it has a low voltage drop.
The device is cost effective in c-m;arison with
competitive devices and also has a high degree of UPPN (W) 0 0 WY/CU
reliability. The mjor disadvantage is the fact that
a blown fuse must be replaced before the faulted tube
can. be recycled.

is LOWE* 0I 1 ac 00A/M

to Fig, 3 40 EA SENOIX 5 KV -I A FUSES IN SERMtS-PAMALLEL

EC SOKV

At
PamUS *UOI 1"e"1 gJNA F 4IG.IPO FCERMTEA M10 FMKCMN EDSGiFM la-IAMsFS

Fiur

19



NNN IsIINCIu oo

am. vm 1OMM~ 
t

UmuSS

0 TW WALIS OmF AUInM :to 0.1 ,pm
to 3.8 proS

IAVOLTA$E
W= w ----------

47I

12a
.4

IS I, 0 so no I" to 10 2
*lato"

MIS PLT O CUNW, OLT46 t OSSMM ASA FNTIN O Ta
XV. AMPFUSE(ISOAWS RAK



CURRENT
VOLTAGE ------
DIgSSIPATION

3-

C,

0

TIME (js sC)

Fie 7 PLOT OF CURRENT, VOLTAGE 1% DISSIPATION AS A FUNCTION OF TIME

50 KV. 4 AMP FUSE (290OAMPS PEAK)

CURRENT ----

*VOLTA$[ ------

TIMEC C(eol

FIG. I PLOT Of CURRENT, VOLTA01 & DISSIPATION AS A FUNCTION OF TIME
SO K.V. 4 AMP FUSE (490 AMPS PEAK)

193



CURRENT -

- N. VOLTAGE
DISSIPATION

o -

0 go
0N -----------------------------------------------

TIME (p $410

FIG. 9 PLOT OF CURRENT, VOLTAGE & DISSIPATION AS A FUNCTION OF TIME

50 I(.V. 4 AMP FUSE (620 AMPS PEAK)

194



-/2

tsoc  0.26 ib(A)

t0O I00t- t oo
SCOLOMss A -J

.. ..0

- b PAKCREN)-AMEE

Ew

Fla. 10 CLEARING TIME a CHARGE AS A FUNCTION OF PEAK CURRENT

195



1000

100 - 60 (A)
n - 290 (A)

x X - 500(A)

I -

10

0 -' | ip I I IlIltI I1| I I l Ilil

0 0o 00o 1o00

FIG. jI RESISTANCE AS A FUNCTION OF TIME

50 K.y. I AMP FUSES

.CLEARING TIME
OF FUSE VS

200 PEA( C •2.0

jOULES IN FAULT
v . 1.5

N PEAK( CURRENT

foo-

N 1<0..

- 0.

I OO ! .

FIG. 12 - tice .•ISI

- PlEA CURRENT
(AWMPRS) %V11 bAMP

10

FIG 12 Lb - PEAK CURRENT (AMPERES)

196

A____



EVALUATION OF HVDC FUSES AS TWT PROTECTIVE DEVICES

by J. V. Stover
HUGHES AIRCRAFT COMPANY

Fullerton, California

Introduction

This paper concerns itself with the evaluation of series- .
parallel assemblies of Bendix 5 kV, 1A rms fuses to obtain
50 kV, 4A rms operation; the evaluation of Bendix 50 kV,

4A rms ftuses; and the evaluation of Hughes 50 kV, 4A rms UI U
experimental fuses. The ourpose of this evaluation was to
determine the adequacy of the protection provided to a high
power, grid pulse modulated travelLng wave tibe (TWT) it an
unattended, multiple transmitter system. Such a system may
have several TWTs operating from a single power supply,
and it becomes highly undesirable to shut down or crowbar
the entire supply should only one tube experience a fault.

Portions of this work were sponsored by Rome Air
Development Center, U.S. Air Force, In cooperation with
the U.S. Army Electronics Command.

Fuse Evaluation Circuitry

A TWT amplifier, its associated HVPS, and integral
energy storage bank shown in Figure 1 was utilized in the
evaluation of the fuses. The operating ratings of the TWT util-
ized is shown in Table I. A simplified schematic of the cir- Figute I The TWT Ampinr Und to Evaluate c Fus
cuitry used to evaluate the fuses Is shown In Figure 2. In
this circuitry the fuses were tested under representative
pulsed conditions until, In most cases, thermal equilibrium
was achieved by the flow of rated rms pulse current before
Interruption. The values of series current limiting resist-
ance used wau as required by the TWT manufacturer. A reg-
ulated inverter type TWT beam power supply was used. The TABLE L TYPICAL OPERATING RATING8 OF THE TWT
triggers to the inverter power supply were inhibited within USED TO EVALUATE HVDC FUS-
approximately 1 millisecond after the fuse under test had i
blown. This limited the follow-through current in the event
that neither the fuse nor the TWT are cleared. A crowbar Body to Cathode Voltage -42.0 kV
type energy diverter normally shunting the energy storage Colletor to cathode e voltag -42.0 kV
bank, ESS, was delayed by approximately 100 microseconds Cathode Current, Peak 170 Amperes
and used as backmp TWT fault protection in the event the fuse Duty Cycle 0.06
restruck. With the exception of meters VI and V2, the fuse, Modulation Shadow Grid

the two voltage dividers, and the additional crowbar delay; TWT Type Coupled CavityFocussin PPM
the circuitry and its operation were identical with that used Frequency S-en

normally for the operation of the TWT. Frequency ___ _ _

IFAUL.T

4.5 CURRENT TOI0A SCOPE

INVRTE 0k TWT ANDINVT ~VS VAULTINTRGY NTIT

L...
AI. u V. FreTt ku W

VOLTMENSTj S& V PERMIT

VLAE0 m W LAZZ AG1eOIVIOCER I AFPTU OLOWINe
TO "ONITOR
FUSE VOLTAGE

L _j

Figure 2. Fuss Tosm Circuit Ushat a TWT
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The fuse test fixture was installed in an available due to reduced beam transmission caused by either gun de-
space between the TWT and the ESB cabinets and is as shown focussing or damage to the slow wave structure. Next, the
In Figure 3. Instrumentation to record the voltage drop grid bias voltage required to obtain beam current cut-off was
across the fuse during test was provided by two 1000:1 Rosa monitored to determine if any damage ad been done to the
Engineering Company compensated voltage dividers while the control grid.
current through the fuse was sensed using a Pearson Model
301 pulse current transformer. The data was recorded using Lastly, the TWT was RF tested to note any changes in
a Tektronix Model 555 dual beam oscilloscope and a Polaroid its RF characteristics. For all fuse testing performed, there
camera. An additional test circuit was devised to monitor was no evidence to indicate that any damage occurred to the
leakage current through the fuse after fuse interruption. This TWT as a result of testing the Bendix 5 kV, 1A Ame assemb-
circuitry is shown schematically in Figure 4. After each ly, the Bendix 50 kV, 4A fuses, or the Hughes 50 kV, 4A
fuse was blown, high voltage was re-applied to the ESB and fuse.
leakage curremt through the fuse was indicated by meters M1
and M2. Evaluation of Fuse Assembly using Bendix 5 kV, 1A Fuses

The characteristics of the TWT were monitored before To achieve the rating of 50 kV, 4A rms using the 5 kW,
and after fuse testing. The TWT positive grid voltage re- IA rated fuses, 10 each of the 5 kV fuses were assembled in
quired to obtain a-given cathode current was noted before and a series string to obtain a rating of 50 kV, IA rms. A par-
after each test as a decrease in cathode emission would allel arrangement of 4 series strings was used to raise the
strongly indicate that cathode poisoning was occurring due to rating to 4A rms. The fuse assembly with fuses installed is
metal ions from are erosion depositing on the cathode surface. shown in Figure 5.
Also, the Ioo pump current and the elapsed time required for
the TWT to achieve a normal ton pump current level were Each 5 kW, IA fuse has a typical resistance of 3.5 ohms,
monitored and any variations from normal arcing with crow- resulting in each series connected string of 10 fuses mea-
bar fault protection were noted. TWT body current was also suring typically 35 ohms. The overall resistance of the 50 kV,
monitored to determine if the body interception had increased 4A series-parallel assembly typically measures 8.75 ohms.

These fuse assemblies were tested with the fuse installed in
the circuit in Figure 2 with voltage divider, VD2, discon-
nected. Fuse interruption was accomplished by shorting the

Shigh voltage TWT floating deck to ground by use of a stan-
dard grounding stick. Other tests were performed by allow-
ing the TWT to arc.

An oscilloscope photograph of a typical test result
is shown in Figure 6. In each case the fuse assembly was
carrying 4.0 rms amperes of pulse curret just prior to
shorting the TWT cathode to ground or just prior to a
TWT gun arc. An attempt was made, as shown by the data

Figure 5. The Hughes Fuse Assembly of Bendix 5 kV 1A Fuses
to Form a 50 kV, 4A Rating

Figure 3. H.V. Fuse Installation

VOLTAGE _0

AM.VR plUS*
Is BLOVM m1.NICAL.

CURRI[NT 200A PER
WIAJOR OIVISlON

HORIZONIAL
AIMIE, 20 PER
MAJOR OIVISION

TiM

Figure 6. S/Nl Fuse Assembly Fault Current for a TWT cathode (
to Grousnd short Circuit with 353 Charged to -42.5 WV and Fime
Asaubly in Series with 55.0 ohms. Fuse assembly cary 4A

Figure 4. Fue Leakage Test Circuit rs of pised current prior to short circuit.
198



in Table I1, on S/N 1 through 4 fuses, to allow the fuse The data on Serial Number 7 was Inadvertently lost.
assembly to reach thermal equilibrium before inducing a
fuse Interruption; however, considerable thermal heating In addition, fuses Serial Numbers 12-15 were in-
of the fuse clips was experienced which would have caused strumented with adhesively mounted temperare Inda&-
sufficient temperature rise to initiate fuse Interruption, tors which discolored when that temportm was attained.
As a result thermal equilibrium was not achieved in the
tests at Hughes. The 50 kV, 4A fuse assemblies were After fuse Interruption, the fuses were bo potea-
inspected after a successful Interruption, and it was found tial tested using the circuit In Figure 4. Lastly, several
that approximately 10 percent of the 5 kV, 1A fuses had fuses which were to be tested by manually shorting the
not Interrupted. The non-interruption was found to occur TWT cathode to ground, were short circuited ugh a
randomly and probably Is associated with non-uniformity piece of aluminm foil. By measuring the hole diaser
of fuse characteristics. In al cases, the fuse assembly left in the foil, the quantity of energ allowed by the fte
successfully protected the TWT. Into the short circuit was determined. Bsed upon the

data presented in the paper referenced, less tha 1 )enle
The fuse assembly tests at Hughes achieved the of energy was transferred by the fuse Into the foil. Small

successful interruption of 500 peak amperes at -42. 5 kV indentations In the foil at the point of the arc were oh-
in 20 to 27 JAs. This would correspond to 125 peak amperes served, but no puncture.
per single fuse. This fuse interruption time corresponds
quite well with ECOM data. Typical fuse voltage and current waveshap e ob-

tained upon fuse interruption of Serial Number 13 are
Evaluation of Bendix 50 kV, 4A Fuse shown In Figure 8. Figure 10 is a photographic enlarge-

meat of the 0.001 inch thick aluminum foil through which
Fifteen Bendix 50 kV, 4A fuses were supplied by Serial Number 13 fuse was short circuited. Figure 9

ECOM for evaluation by Hughes to determine if the fuses Illustrates the fuse voltage and current waveshapes oh-
can adequately protect a high power TWT. Figure T is a tained upon restrike of the Serial Number 15 fuse. Figure
photograph of one of the fuses. The fuses were serialized II is a photographic enlargement of the 0. 001 Inch thick
by Hughes. Serial Numbers 1-6 were tested In the cir- aluminum foil through which the fase was short circuited
cuit of Figure 2 using the TWT as the load with voltage
divider, VD2, discomected. These fuses were not allow- Typical fuse voltage and current, • hape such
ed to reach thermal equilibrium carrying rated rms pulse as shown in Figure 8 were graphically ed to deter-
current, but were caused to interrupt by a manual TWT mine the fuse resistance as a function me, the charge
cathode to ground short circuit or a TWT gun arc shortly transferred through the fuse to the ar( I the enor
after reaching rated current. required to cause fuse interruption T ifx 50 kV,

Fuse Serial Numbers 8-15 were tested in the cir-
cuit of Figure 2 using the TWT as the load with voltage
divider. VD2, connected. These fuses were allowed to
reach equilibrium carrying rated rms pulse current be-
fore fuse Interruption was initiated.

VERTICAL UPPER TRACK MORIZONTA.
LOZO TRACE CURUSN, 204A FOR Tie. 16 N OPR

VOLTAGE: 10 kV PER MAJOR DIVISION MAJOR CeVISabo
MAJOR O#VIsIOG4

Pigure 8. Voltage Acros and Current Through Serial Number 13
Bendix 50 kV, 4A Fuse on a Manual TWT Cathode to Ground
Short Circuit

Figure 7. The Bendix 50 kV, 4A Fuse

TABLE IL TEST RESULTS OF THE 50 kW, 4A, RMS FUSE ASSEMBLY USWG BENDIX s kV, 1A WaMB, FUSES

Fuse SIN Test Conditions Remak

I S/N S TWT at 42kW, 17A peak, tp - 200 ps. Fuse interruption due to self heting, no da.
30 Mia. 0 2.9A rms, 15 mis. @ 3.18 A rms.

2 S/N s Twr at 42 kV, 17A peak, tp = 200 pc. huse interruption due to self heftLg, n d"
2 min. 0 2. 9A rms

3 S/N 5 TWT at 42 kV, 17A peak, tp - 200 js. Fuse interruption due to self heating, no data.
29 min. 0 2. A rme, 26 min. 0 3.18A rmne,
S mn. 0 3.4A as.

4 SN 5 TWT at 42 kV, IA peak, tp - 200 ps. No dat, tus proteted TWT.
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LOWER TRACE
VOLTAGE: 10RV PEA

19MAJOR 0 V ISON

UPPER TRACE,-
CURRENT: 200A PER

awnw -40014.0 MAJOR 0 VIS ONIjflnf ORIZO NTAL a

TIEMEPE

Figure 9. Serial Number 15 Bendix 50kM 4A Fuse with Restrike
Manual TINT Cathode to Ground Short Circuit

Figure 11. Hole in 0.001 Inch Thick Aluminum Foil by

Short Circuiting Serial Number 15 Bendix so kv, 4A Fuse0 ) Caused by Fuse Restrike

fuses interrupted due to self heating. Of the four remain-
- ing fuses, one re-struck upon short circuiting; two clear-

ed properly, but had excessive leakage upon the reappli-
-. cation of voltage; and one fuseo interrupted on a gun arc

- .~ during the application of high voltage, aed held off 50 kVt
for I hour after the interruption.

All the data taken wasn in an air condlitioned abora-
tory environment at an approximate temperature of 240C.

All of the fuses which attained masr th.rmal equili-
brium before interruption evidenced s.evere physical
damage, such as cracked and blown out pieces of epoxy
and blown out carbon deposits from the ends. In addition.
the heating prior to fuse interruption caused the epoxy to

Figure 10. Arc Track on Surface of 0.001 Inch Aluminum bubble and melt, and the fuse to blow.
Foil Left by Short Circuiting the Serial Number 13 Bendix
50 kV, 4A Fuse Through to Foil to Ground. No viil Hughes 50 kV, 4A Fuse Evaluation

holewasmad in he ad.The Hughes 50 kV, 4A fuse did not exist as a pro-
duct, but as experimental models which were built on
Hughes funding. Initial testing was performed using ca-

4A fuses required approximately 70 joule. of energy din- pacitor discharge tests at high voltage. With the permis-
tug the interruption process and transferred approximately sion of the government, these models were evaluated
2. 6 x 10-3 coulombs of charge. carrying pulsed currents using the test circuitry of

Figure 2 in Ens,'ojunction with the TWT. No evidence of
The Bendix 50 kV, 4A fuses tested have measured damage to the TWT occurred as a result of a pmn arc,

current interruption times varying from 10 to 18 jis with when protected by the Hughes fluse. A photograph of one
an avenge current Interruption time of 14.5 go. Table Mf of these experimental models is shown in Figure 3.
is a tabulation of twse test resulta.

Typical fus, voltage and current waveshapes ob-
AU of the fuses that wertsted and were not tained upon fuss interruption for Serial Number A4 are

allowed to reach or even approach thermal equilibrium, shown in Figure 12. Figure 14 is a photographic enlarge-
were tound to be free of restrike and to recover to an ment of the 0. 001 inch thick alumainum toil through which
open circuit based upon a 50 kV, I hour hold de dielectric the fuse was shorted. Figure L,3 illustrates the fuse volt-
strongts test. Seven fuoses, were tested allowing them to age and ca.rrent waveshapes obtained upon restrike of a
reach or attempt to reach thermal equilibrium before Hughes fuse. This restrike was purposely made to occur
innititng fuse interruption. Of these seven fuses, three by physically shortening the fuss restrike distance.
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TABLE IlL BENDIX 50 kV, 4A FUSE TEST RESULTS

High Potential Tet
Fume S/N Teat Conditions After Fume Interruption Remarl.

1 S/N 2 TWT ran up to -42 kV, shorted TWT No Interruption times 15.6 us
to Ground

2 S/N 2 TWT ran up to -42 kV, shorted TWT 50 kV, 1 hr Interruption times w20 M
Cathode to Ground

3 S/N 2 TWTr ran up to -42 kV, shorted TWT 50 kV, 1 hr Interruption time: 14.0 its
Cathode to Ground

4 S/N 2 TWI ran up to -42 kV, had TWT gun ar 50 kV, 1 hr No data. Fum protected the
TvWr

5 SIN 2 TWT ran up to -42 kV, shorted Twr 50 kV, 1 hr Soope reticule setting caumed
Cathode to Ground photo wahout

6 S/N 2 TWT ran up to -42 kV, had TWT gun arc 50 V, 1 hr Interruption time: 15.5 ps
Fume protected the TWT

7 Data Lost Daft Lost Data tet

8 S/N 5 TVT ran up to -42 kV, accidentally kV, e OK No
blew fuse

9 SI 5 TWT at -42W, t. =3200 p. 20 kV# 400 K ohms with Fume nterrupted due to aIf
30 min 4. ISA rma, 10mn @ 4.34A rms Ohmmeter. Fuse mkes heating. No data.

sizzling sound under HV

10 S/N 5 TVW at -42 kV, to= 20 0 Ms. <50 kV, 2 Moghm on Interruption time: 101is
1 hr @4.0 A rm. Shofted T'WT Cathode Ohmmeter
to Ground

11 S/N 5 TWT at -42 kV, tp- 200 st, 50 kV, 1 br No data, A proeected TWT.
A rme. gun arc

12 SIN 5 TWT at -42 kV, t - 100 Mm. 30 kV, 9 mA, then 10 kV, No data, fase protected TWT.
2.25 h a 3.98 A rms. Possible gun are 14 mA Fuse Body Tamp: >1g0OF

13 S/N 5 TWT at -42 kV, tp 100 ps. 47 kV, 5.2 mA and Interruption time: 18.0 pa
0.38 hrs @ 3.72 A rms. Shorted TWT increasing Fume Body Tamp: 170OF
Cathode to Ground

14 S/ N TW of -42 k, -10 ,. _ . 1 W 0 ohms with FumeI'nterruption du to sef
2.5 bra @ 3.95 A rms Ohmmeter heating, no data. Fuse Body

Tam: > 220OF after 1 hour.

15 S/N 5 TWT at -42 kV, tp =100 As. 12 kV, 10 mA Interruption Time: 14.0Mm
1.25 bra @ 4.0 Arms with restrike.
Shorted TWT Cathode to Ground Fume Body Tamp: 19 0 OF

VERTICAI.

LOWE TRAME
CURRENT, go" Past
MA[JOR DIVISION

UPKEt TRACE
vo 7A0E. IS kY PIKR
MIAJOH. DIVISION- NHORIZONTAL.

TIMElam ZPti
MAJOR DIVISION

VERTICAL HORIZON4TAL.
LOMERN TRACE UPPER TRACE TIME, IS014 PERt

VOLTAGE. 10 kSV PER CUORRIENT, RSA PR M9AJOR DIVISION
MAJOR DIVISION MAJOR DIVISION

Fyus 12. Volaep Acrow aod Current Through S*:1a Number

A4 Hughes SO kV, 4A Fuse on a Manual TWT to Ground Frqure 13. Specially Configod Hulhs Pun lelaradag Remnthe
shor Circuit After Manual TWT Cathode to Ground Shon Ckcuit
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Typical fuse voltage and current waveshapes such
I as shown in Figure 12 were graphically analyzed to do-
1. termine the fuse resistance as a futnction of time, the

charge transferred through the ftse to the are, and the
onorgy required to cause fuse interruption. The Hughes
50 WV, 4A fumes required approximately 40 Joules of
energy during the Interruption process and transferred
approximately 4 x 10-3 coulombs of charge.

The fuses tested have measured cunt Interrup-
tion times varying from 15 to 18 As with an avenage cur-
rent interruption time of 15.6 As. Table IV Is a tabula-

tion of the fuse test results.

Approximately one hour was required for the Hughes
fuse to reach thermal equilibrium. Of all the fuses evau-
ated, there was no evidence of restrike nor were there
any cases of fuse interruption due to self heating. Upon
interruption the fuse becomes and remains an open cir-
cuit as cask be ascertained from Table TV.

Similar to the other fuse testing, aUl data was taken
In an air conditioned laboratory environment at an approx-
imate temperature of 240C.

Conclusions and Recommendations

The primary objective of this fuse investigation was
to evaluate an assembly of Bendix 5 WV, 1A rum fuses

______________________________ connected in series-parallel to obtain a 50 W., 4A rum
Figm 14 ArcTrak 0.Surace f 0001 ~ ~rating; a Bendlx 50 WV, 4A rms fume; and a Hughes 50 WV,Fiur Aft. Shrt Crcitong Surfale Numbe0r m A luiu 4A rum experimental ftse to determine If a high voltage

PodAfer hot ircitng eralNumerA4Hughes 50 do fuse could protect a high powered traveling wave tube.
WV, 4A Fuse to Ground Through Foil. No visible hole In this respect the program was a success, In that all of

Was left in the foil. the fuse types did successfully protect a high power
coupled cavity TWT using a high amplification factor,
non-intercepting gridded (shadow gridded) gun.

However, several problems were encountered which
indicated that further development was required as dis-
cussed under each fise type.

TABUi IV. HUGHES 50 kV. 4A FUSE TEST RESULTS

High Potential Test After
Plate SIN Test Conditions Fuse Interruption Rome*$

Al SIN 5TWT at -42kW, tp - 100 s 55 W, 0.02 mA Interruption time, 15 As
for 1. 13 hr.. 0 4A rm.
Shorted TWT cathode to ground
through foil.______ ______

A2 S/N 5 TWT at -42 WV, tp - 100 ps No dat No data. Fuse interrupted
for 0. 42 hourse@ 4A rms. while connecting scope due

to accidental short circuit.

A3 SIN 5 TWT at -42 WY, tp - 100 As No dat No data. Fuse protected TWT.
for 0. 32 hours 0 4A rm,. gun arc.

A4 SIN 5TVITat -42kM tP - 100s 50kV, 0. 08mA Interruption time. 1 meu.
for 0.083 hore@4A"rms. 60k, 0. 20mA
Shorted TWr cathods to ground

________through fol.

AS SIN 5 TWT at -43 MV tP a 100 as 50 ktV, 0. 02 mA Interruption time. 15 us
for 0. 83ours@04A rms. 80kW, 0.04 mA
Shorted TW? cathode to ground

________through foil.

AS BIN 5 TV? at -42 MV tp a-100 pA -42 WV, no current Interruption time, 15 As.
for 1 hour 0 4A rms. Shorted Indication.
TWT cathode to pround

_______ through fol. _ _ __ _ _ _

A7 S/V 5 TVOran up to-42 W, 100As; 50 kV for 7hon=sWith Interruption time, 15 pa.
___________ shaorted TWT to ground, no current indication.
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The Bendix 50 kV. 4A Fuse Assembly (5 kV, 1A fuses in limited by the number of fuses evaluated and program
series-parallel) economics. The test program resulted in the following

observations-
First, difficulty was experienced in achieving full

rated rms operating current levels with the fuse carrying e Interruption times for the fuses varied between 10 and
pulsed current at room ambient temperature. Further 20 microseconds after the initiation of a fault. The
Investigation is required Into the relationships between speed is adequate to protect the TWT, 'if sufficient peak
duty, pulse width, peak pulse current and ambient tem- current limiting Impedance is provided tn the circuit.
perature to obtain proper operating current derating fac-
tors. Further investigation Is also required to determine a The Bendix 4A fuse expended approximately 70 joules
the optimum method to be used in maidng the fuse connec- in interruption, and the Hughes 4A fuse expeanded ap-
tion. Under pulsed current operation, severe heating was proximately 40 Joules.
observed at the fuse attachment points using fuse clips.
This heating Is either associated with contact Interface & The Bendix fuse transferred approximately 2.6 x 10- 3

resistance or high thermal resistance, coulombs of charge during fuse Interruption, and the
Hughes fuse transferred approximately 4 x 10 - 3

Secondly, approximately 10 percent of the 5 kV, 1A coulombs.
fuses in a fuse assembly failed to interrupt upon a load
short circuit. This appeared to be due to fuse son- * Based upon the aluminum foil test, all fims tested,
uniformity, but requires further investigation. In all tests, with the exception of those that restruck, delivered
however, a sufficient number of fuses interrupted to pro- less than one joule of energy into the fault.
tect the TWT.

o All of the fuses that were free of restrike adequately
Thirdly, the recovery characteristics in terms of protected the TWT operated In the circuitry of the TWT

hold-off voltage and leakage current for the fuse, after test facility. Those fuses with restrike would have
fuse Interruption, require further nvestigation. This n- probably damaged the TWT if a backup crowbar circuit
vestigation should evaluate fuses operating at maximum had not been provided.
rms ratings at maximum ambient temperature with the
fuse interruption occurring after thermal equilibrium has Subsequent to this testing program, Hughes has
been achieved. Data concerning these characteristics was continued to refine fuse measurement and evaluation
ot taken. techniques. A full discussion of this now work is beyond

the scope of this paper, but a few salent points should be
The Bendix 50 kV, 4A Fuse mentioned. Along with measurements of voltage, cu. ,

and time, techniques have been developed to determine
As with the Bendix 5 kV, 1A fuses, difficulty was the existence and duration of Ionization within the he.

experienced n achieving full rated rms operating current Knowledge of ionization characteristics has proved ia-
levels with the fuse carrying pulsed current at room am- valuable in determining the margin of safety with respect
blent temperature. Further investigation is required into to restrike of various fuse designs.
the relationships between duty, pulse width, peak pulse
current, ambient temperature, and cooling methods to A much better understanding of the relationship be-
obtain proper operating current derattog factors. Struc- tween fuse characteristics and external circult param-
taral damage, premature interruption, restrike, and etera has also been pined. For example, dobln of the
high leakmge after interruption were experienced when circuit surge impedance can make the difference between
operating the fuses at 4A rms. Whether all undesirable consistent Interruption and consistent restriing. I is
characteristics can be fully eliminated by establishing imperative that the fuse characteristics be properly
proper derating factors could not be pursued under the matched to the circuit voltge and Impedance. Application
scope of this program. It is evident, however, that the data now exists which enables the design of a high volt-
proper free-air rating for the fuse type tested is consid- age fuse protection circuit with a reliable, repeatable
erably less than 4A rms. interruption time In the range of 3 to 25 mItrosecods.

Fuses which had not been subjected to heating by Based upon the test program reported here, and
long-term application of full current operated satisfactor- upon the more recent work which now enables accurate
Ily in terms of TWT protection, maintaining physical prediction of the performance of a given se in a given
integrity, and lack of restrike. circuit, the use of high voltage fuses to protect high

power traveling wave tubes has been established as safe
The Hug es 50 kV, 4A Fuse and acceptable circuit technique.

First, a production Hughes fuse must be designed,
fabricated In quantity, and evaluated as was done in the
case of the Bendix 50 kV, 4A fuse. It is encouraging that
the experimental models tested experienced no reatrike
or long-term heating problems. Also, further investiga-
tion ts required into the relationships between duty, pulse
width, peak current and ambient temperature to deter-
mine the proper fuse utilization.

Postscript

The secondary objective of the fuse investigation
was to determine more closely some of the more pertin-
eant parameters associated with the optimum selection of
a fue, such as total charge transferred by the fuse, total
energy required to be expended by the fuse in the inter-
ruptift process, etc. Is" "Evaluation of Are Damage to Power Triode Grid

Wis", by G. Bromer, J. G. Murray, and :. P.
This objective was accomplished with only limited Sorretion, pages 970-976 MUE Tranations on Else-

success as insuficient high quality data was taken, tron Devices, December 166, Vol. ED-i Number 12.
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IMPROVED MUTLTIGAP ELECTRONIC CRC/JAR

William W. Shrader
Raytheon Company

Wayland, Mass. 01778

Sumary .This paper describes a simple modifica-
tion4 to the multigap crowbar that, under

The open-air multigap crowbar has the transient conditions: (1) makes it reliably
following characteristics: (a) rapid firing self-firing at all voltages above 20 percent
after application of the trigger pulse, (b) of its rating, (2) increases the speed of
low voltage drop after firing, (c) low energy self-firing at voltages near the rated volt-
triggering capability, (d) large range of age, and (3) ensures that the device can be
operating voltage. Under transient condi- triggered when the operating voltage is too
tions immediately following a load arc, how- low to provide self-firing. This modifiea-
ever, there is a "danger zone" of operating tion in no way affects characteristics (a)
voltages in which the crowbar partially self- through (d) above under static conditions.
fires, thus loading the trigger voltage so
that reliable triggering does not occur. Discussion
This paper describes a simple modification to
the multigap crowbar that, under transient Figure 1 is a simplified drawing of a
conditions: (1) makes it reliably self-firing multigap crowbar used to protect a klystron.
at all voltages above 20 percent of its volt-
age rating, (2) increases the speed of self-
firing at voltages near the rated voltage,
and (3) ensures that the device can be trig-
gered when the operating voltage is too low CG  SPA CAPS

to provide self-firing.

Introduction 
_ ! -R M

The open-air multigap crowbar1 was de-
veloped at USAECO in 1960, based on high
power multigap switch studies at the Univer-
sity of California.5 The need for develop-
ing this type of crowbar was based on the
high operating voltages of modern trans-
mitters, greater than 100 kV. Other avail- Figure I - Simplified Schematic
able crowbar devices, such as gas filled
gaps, thyratrons, or ignitrons, were not (Only six gaps are shown although many more
available that could operate at these volt- may be used in practice.$ The inductance,
ages. L1 , is incorporated to limit fault crrn in

the klystron at the moment of arcing
3 ,P7 "@8 .

For a crowbar to be a successful pro- However, when an arc occurs in the klystroa,
tection device, it should have the following the inductance causes the voltage at the top
characteristics:2  (a) rapid firing after of the crowbar (point A) to fall almost to
application of the trigger pulse, (b) low zero, thereby causig some, but not all, of

voltage drop after firing, (c) low energy the spark gaps to fire, the gap firing pro-
triggering capability, (d) large range of greasing sequentially from the top. If at
operating voltage, that is, it should be least half of the gaps fire, the trigger will
possible to trigger the crowbar when the be essentially shorted to point A and may not
applied voltage has any value from zero to be able to fire the remaining gaps. If the
full rated voltage. In addition to the above trigger does not fire the remaining gaps in
characteristics, self-firing of the crowbaT  the crowbar, the voltage at point A will
when the load arcs is a desirable feature.5 start to rise as the current in L1 increases.

ecrowbarl,2  Eventually, the remaining gaps will self fire
The iigap rb , provides fea- if the voltage at A becomes high enough.

cures (a) through (d) above, under static Often, however, this condition is not met and
conditions. However, under the transient the HVPS discharges entirely through the kly-
conditions iediately following a load arc, atron arc.
there is a "danger zone" of operating volt-
ages in which the crowbar partially self- The reason that all the gaps do not fire
fires, and thus loads down the trigger volt- can be explained as follows: Consider a 20- (
age so that reliable triggering does not gap crowbar with 100 1W applied. Assume each
occur.3  gap will break down if the voltage across it
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Improved Multigap Electronic Crowbar William W. Shradsr

exceeds 9 KV. The resistive divider ensures R L R

equal division of the voltage, thus the dif- .--- .... R

ferential voltage across any gap is 5KV. But
note, however, the absolute voltage on the C

gap electrodes proceeds linearly from the I CURRENT

bottom of the crowbar. Thus electrode one is IC TRANSFORMER

at 0 volts, number 2 is at 5 KV, number 3 is HY PS TRGE

at 10 KV, etc.

Now assume the klystron arcs. If the - " LSTRON

klystron had not been conducting at this in-
stant, the inductance, Ll, causes the volt-
age at the top of the crowbar to drop to
zero volt&. The gaps sequentially break down Figure 2 - Simplified Schematic With
(with each gap electrode falling to zero Improved Multigap Crowbar
volts) until a gap with a differential volt-
age of less than 9 KV is reached. In this To consider how this shunt capacitor
example, the top 18 gaps fire, but gaps one aids operation, again consider a 20-gap crow-
and two do not. Note that this essentially bar with the shunt capacitor connected three
shorts out the trigger. As the current in gaps from the bottom and three gaps from the
the klystron arc increases, the voltage at top of the crowbar. If the voltage on the
the top of the crowbar increases because of crowbar is 100 KV, the voltage on the bottom
the voltage drop across R2 . When the volt- of C. is 15 KV, and on the top, 85 KV. Thus
age at the top of the crowbar reaches 14 KV, the voltage across C. is 70 KV. When a load
gap two, and then gap one will self fire, but arc occurs, the voltage at the top of the
by this time, much of the power supply energy crowbar drops to zero, and the gaps start to
may have been dissipated in the klystron. sequentially fire from the top as before. As

soon as three gaps have fired, the top end of
If the voltage at the time of the arc Cs drops to zero volts, driving the bottom

was less than 100 KV, self-firing of the end from 15 KV to 70 KV of the opposite
crowbar may not occur at all, because the polarity. This immediately causes a number
voltage at the top of the crowbar may never of the bottom gaps of the crowbar to fire.
recover sufficiently to cause the remaining When firing of the intermediate gaps has pro-
unfired gaps to be stressed more than 9 KV. gressed to the fired bottom gaps, a short
For this example, if RI is three times R2, circuit is established and the VPS can im-
self-firing will not occur for voltages less mediately discharge through the crowbar.
than 60 KV, and will be unreliable and rela- Note that this complete self-firing now
tively slow for voltages up to 80 KV. occurs in a fraction of a microsecond, where-

as before, without Cs, the self-firing took
The above explanation assumed no initial (with typical circuit parameters) four to

current in the klystron. Even if the kly- ten microseconds.
stron were drawing full load current at the
time of the arc, however, the above explana- A 20-gap crowbar has been built employ-
tion is valid. This is because the initial ing the shunt capacitor. The shunt capacitor
di/dt drop in LI is much greater than the is connected 3 gaps from the top and bottom
voltage drop in R2 due to the load current. as described above. (These connecting points

were empirically determined to be best from
The Shunt Capacitor a number of tests made with different opera-

ting voltages on the crowbar.) This crowbar
Figure 2 shows the addition of a capaci- will withstand 200 KV and is reliably self-

tar, Cs, shunting most of the gaps. Because firing at all voltages above 40 KV. It can
of the symmetrical placing of this capacitor be reliably triggered under all static condi-
with respect to the triggering point, it does tions, and also under transient conditions,
not affect triggering of the crowbar under if the HVPS voltage is too low to provide
static conditions. Under transient condi- self-firing.
tions, however, it ensures that a number of

gaps near the bottom of the crowbar fire (in Acknowledgement
addition to the gaps at the top) thus ensur-
ing rapid self-firing of the entire crowbar The author wishes to thank Thomas A.Wail,
for voltages 20 percent or more of the volt- first, for suggesting the problem that led to
age rating. For lower voltages, suitable the shunt capacitor, and, second, for direct-
trigger circuits can fire the crowbar 6 , thus ing the effort of developing and testing the
the device is now a full-range device under finished hardware.
either static or transient conditions. Cs
is about 10 times as large as Cg, but is

small enough not to contribute significant
extra energy to be dissipated.
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,LLTIGAP CROWBAR TRIGGIrING STUDY

Thomas A. Weil
Raytheon Company

Wayland, Mass.

significant aspects of the circuit strays and the test
conditions wore not being recognized as significant

This paper reports the results of a study on and as a result were uncontrolled. Therefore, a study
triggering problems in the use of multigap crowbars, was undertaken to determine which factors were sigai
A trigger circuit was desired that could provide full ficant and .ow to obtain meaningful test results.
crowbar firing even when a load arc causes partial but
incomplete self-firing of the crowbar, leaving the Basic Circuit Studied
trigger pjlse shorted out by a direct path to ground
or to the NVPS. Otherwise, this condition represents Figure I shows the basic modulator circuit for

a "danger zone" in which crowbar protection is which the crowbar study was undertaken; for a more de-

missing. tailed descriptions see reference 4. Figure 2 shows

the schematic of a conventional multigap crowbar, from

Sharpening gaps had previously been found to reference 2, and used in this triggering study; shown

provide inconsistent benefits. This study found that dotted is the "Shrader capacitor" described in refer-

a sharpening gap can sometimes permit completing the ence I. Both a 20-gap and a 30-gap crowbar were

firing of a partially fired crowbar even when the studied, with and without the Shrader capacitor. Fig.
trigger pulse is "shorted out". but that the sharpen- 3 shows the basic circuit of the trigger source used
ing gap itself may cause triggering misfires unless for most of these tests.
considerable overvoltage is used, or unless a radio-
active source is used to provide pre-ionization. Sn&rk Gan BReakdou, Saftstirs

The validity of various crowbar test methods was To determine why test results seemed to vary,
studied, and recomandations will be presented. The the trigger circuit was set up alone with a single
study also determined which stray inductances and cap- spark Sap, consisting of two I-inch diameter balls
acitances in the crowbar and its triggering circuit with adjustable spacing. It was soon evident that
have a significant effect on triggering performance. spark Sap breakdown could only be described statis-

tically, and that deviations from average values were
"Bottom triggering" was studied as an alter- greater than had first been expected. One reason

native triggering method that provides firing under found for these wide variations was that the conmer-
all conditions and requires no HVDC blocking cape- cial trigger transformer being used had inadequate
citor. primary (magnetizing) inductance, and the core was

saturating, leading to a very short trigger pulse
A multigap crowbar ustng the results of this duration that tended to exaggerate the statistical

study will be described. The crowbar includes im- breakdown problem. With an improved trigger trans-

provements in creepage paths and in the electrode former, the variations were reduced, and results were
capacitor design. The crowbar is corona-free at 180 then reproducible, at least on a statistical basis.
kV and is reliably self-firing above 50 kV. Figure 4 shows test data with a 1/2 inch gap spacing,

using a 6:1 step-up ratio in the pulse transformer (TI
Trismarine Study in Fig. 3). The resulting trigger palse to the spark

Sap had a rise time less than 0.4 Lsc and a decay
Intodion time of 2 Vsec to the 50% point. Although the gap

T. 
1  would sometimes fire at a trigger MS voltage of 5.5

The paper by W. Shrader describes how the kV (charging voltage on C2 of fig. 3), it would still

USASRDL gloctronic Crowbar
2 can be made reliably misfire occasionally at 8.5 kV, as shom, based on a

self-firing for load arcing at all voltages above few hundred tries at I PS at each point shown.

about 1/3 of normal full operating voltage. Pro- Furthermore, it becam very clear during these tests
blems remaining to be resolved for completely reliable that the rate at which the tests were performed af-

operation include: fected the results drastically. Tests at a faster
rate than 1 PPS clearly showed a carry-over effect;

I. Now to ensure that the crowbar can be ex- i.e., if the gap had just fired, it was much more

ternally triggered at any operating voltage. The likely to fire the next time, presumably as a result

USASRDL crowbar design readily meets this require- of residual ionization and/or heat left from the pre-
ment

2 
unless a load arc has already caused partial vious breakdown. The carry-over time tended to be

but incomplete self firing, leaving the trigger pulse longer when more energy was discharged into the Sap,

shorted out by a direct path to ground or to the NMiS. and carry-over effects were noticeable even after 10
Although the addition of a "Shrader capacitor" con- seconds during crowbar testing later with a large

fines this problem to the lower voltages, it may still capacitor bank. In any case, the data shown in Fig. 4

represent a "danger zone" to the load if the MS cap- were taken at I PPS in order to complete the testing
acitor bank energy is high enough. in a reasonable tim (several hours), and it is

strongly suspected that the "tall" of the distribution
2. Now to reduce unintentional self-firing of curve would stretch even further out if the testing

the crowbar under certain normal and abnormal condi- were done slowly enough to represent the real case
tions under which crowbarring is not required but where a crowbar must L. fired reliably when it has not

happens to occur, recently been fired. The fact that the data in Fig. 4

do not form a smooth curve, even with several hundred
Initial attempts to obtain test data on crowbar tests per point, is a further indication of the

operation showed erratic results. Triggering reli- statistical nature of spark gap breakdown. Since
ability tended to vary from tim to tim and from one there are conditions where crowbar protection is re-
setup to another, leading to the conclusion that quired to prevent loss of a klystron, and yet where

207

°" _. .



self-firing will not occur (excessive modulator pulse load arc, shorts out the trigger source and prevents
width, or loss of solenoid power, etc.), failure to it from being able to complete the firing of the crow-

trigger when required may have disastrous results. bar. Mhe trigger circuit used In this case was cap&-
Figure 4 shows that an appreciable overvoltage factor ble of firing the crowbar, in the absence of a load

is required to ensure that a spark gap will "always" arc, at any value of high voltage from 0 to above 180
break down when intended. It is also clear that kV, and it could do so consistently even when the HVPS
dangerously optimistic "statistical" results can be in the trigger unit was reduced in half. Nevertheless,

obtained by testing at too rapid a rate. it can be seen that there was a large region where the
crowbar would not fully self trigger and then could

Since residual ionization appeared to improve not be triggered by this trigger unit. A "danger
the chances that the spark gap would fire on the zone" thus results in which the load is not protected.
"next" pulse, the tests were repeated with the gap For example, at 100 kV, there is about a 40% chance
pre-onized by placing I millicurie of radium inside that this crowbar will self-fire, but, if it does not,
one of the balls. This location was chosen to then there is very little chance that the trigger will
guarantee that the radium container could not be be able to complete the firing of the crowbar.
damaged by the arcing. The 1/8 1' copper wall of the
ball would be expected to have little effect on the Corresponding results are shown in Fig. 7 for
radiation intensity, since 0.55 inches of lead is re- the sam crowbar with the Shrader capacitor added; it
quired to reduce the strength of radium X-rays by 2:1. can be seen that the self-firing range is greatly in-
The results, as shown in Fig. 4, confirm what was ex- proved. The dotted curve shows the performance inLtI
pected; the presence of pre-ionization greatly re- ally obtained, with the Shrader capacitor connected 2
duces the statistical variations in spark gap break- gape in from each end of the 20-gap crowbar; the
down. Ultraviolet radiation also helps to initiate danger zone was greatly reduced and only extended from
breakdown, as noted in refs. 2 and 5, so the firing about 30 to 65 kW, as shown. The solid curve shows
of subsequent spark gaps in a series of gaps in sight the further improved performance obtained later when
of each other should be reasonably consistent, too; the taps for the Shrader capacitor were optimized (at
the statistical problem applies primarily to the first 3 gaps in from each end) by a subsequent series of
gap to be fired. tests; only a very small danger zone remains, between

30 and 45 kM. Depending on the chance of a load arc
Crowbar Firing Statistics occurring at such a reduced voltage (and whether the

load is worth protecting if it does so), and depending
Crowbar gal-firing tests are also subject to on whether an arc at reduced voltage may hurt the load

statistical variations and carry-over effects. Carry- or not, it may still be desirable to find methods of
over effects can be avoided by performing the testing eliminating this danger zone. Further results ob-
at adequate intervals, and with a trigger of adequate tained from this study show how this can be done, when
duration it was then found possible to obtain con- desired.
sistent results in a given test setup. Self-firing
tests were performed by substituting a "fault gap' in Sharpenina Gap Tests
place of the klystron load and slowly raising the RVPS 6
voltage until the fault gap fired. The fault Sap was A sharpening Sap is an additional spark gap
made from a pair of crossed multigap crowbar elec- placed in series with the trigger to the crowbar so
trodes aounted in a fram, as shown in Fig. 5, and that no trigger voltage reaches the crowbar until the
reasonably consistent DC breakdown was obtained, sharpening gap fires; then, a very sharply rising

trigger is applied to the crowbar. Sharpening gaps

It very quickly became clear that no special in- were studied as a means of improving trigger effec-
strumsntation was required to detect whether the crow- tiveness in the hopes of eliminating the danger zone.
bar diverted or not; since the fault gap was a single
air gap, and since the crowbar was 20 or more air The characteristics of sharpening Saps were
gaps, the noise was 20 times louder when the crowbar studied in the test setup previously described in con-
would self-fire than when it would misfire. Oscillo- nection with Fig. 4, by the addition of a second
scope pictures of current waveforms, using Pearson spark gap to the test setup, as shown in Fig. 8. In
current transformers properly loaded down externally this setup, the top gap now represents a sharpening
so they would not saturate on the large I-T product, Sap. A high-value resistor and small capacitor were
showed that there were no intermediate conditions; the placed across the bottom gap to cause the trigger
crowbar would either divert promptly or not at all, voltage to appear across the top gap first. When the
and the waveforms were always the same in each of top gap fired, the bottom gap would also fire con-
these cases, and were as would be expected from the sistently if its spacing were such that the trigger
higb-power circuit constants (discussed mor later). voltage would have fired it by itself.

By making enough tests, it was possible to draw A shorting lead was then added across the bottom
a curve, such as that shown in Fig. 6, for any parti- gap, to represent the case where a partially self-
cular crowbar setup. Figure 6 shows the results for a fired crowbar "shorts out" the trigger source through
20-gap aultigap crowbar without a Shrader capacitor, the load arc; such a "short" would contain several
using a single triggering point in the middle of the microbenries of inductance, and it was therefore of
crowbar. No sharpening Sap (see later) was used. At interest to see if the bottom Sap could be fired when
150 kY, a load arc causes the crowbar to self-fire it was "shorted" by various values of inductance. It
consistently, a shown diagrmttcally in Fig. 6 by was found initially that the bottom Sap would not fire
the fact that the area marked "self-firing" fills the consistently unless the "shorting' inductance was quite
vertical probability scale at that voltage. With the large. Further thought indicated that the I avail-
trigger hgbh-voltage supply turned off, the self- able for the "shorted" bottom gap to fire after the top
firing probability was measured to be as shown, gap fires depends on the ringing frequency of the stray
falli6g off gradually to zero at about 50 kM. Now- capacity C4 and the shorting inductance L2. If C4 is
ever, even with the trigger unit enabled, the crowbar 50 pf and L2 is 3 4N, the voltage will ring to ero in
failed to divert current from a load arc in the region about 25 nanoseconds (1/4 cycle of the resonant fr
shown as "no protection" in Fig. 6; in this region, quency). Increasing C4 would extend this time,
the artial self-firing of the crowbar, caused by the allowing the bottom gap more time to break down. A
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low-inductance high-voltage capacitor of 1200 pF was 50 kV. Prefiring of the sharpening gap did not occur.
added at C41 with very gratifying results. The bottom Thus, with bottom triggering, the crowbar can always
gap could then be fired consistently even when shorted be triggered when it does not fully self fire. It can
out by a small clip lead of one microhenry inductance, also be triggered, of course, in the absence of a load
as long as the top gap was at least as big as is arc. Testing to verify this latter condition empha-
bottom gap, end as long as the trigger was su tciant sized the effectiveness of the sharpening Sap teach-
to fire the top gap. It can readily be seen f :om Fig. nique; not only would the trigger fire the crowbar
8 that when the top gap fires, the voltage stored in fully from the bottom up, but the "fault gap', if left
C4 will divtda according to the circuit inductances, connected, would also fire from the trigger pulse
and if the self-inductance of C4 plus its leads can be feeding through the crowbar, unleass the gap were set
kept small compared to L2, then most of the voltage to higher than 100 kV, which in this case was the
will appear across the bottom gap, for a time duration trigger voltage being used. This led to some concern
that depends on C4 and L2 as noted before. The effect that too powerful a trigger might actually cause load
Df C4 on trigger circuit design is discussed later, arcs when the crowbar is test fired; this concern thus

sets a limit on the maximum triggsr 'ltags that should
Based on the above tests, it was hoped that a be used.

trigger unit with a sharpening gap would eliminate the
danger zone in multigap crowbar operation. However, Required Trigger Voltage
when the trigger unit with a sharpening Sap was first
tried on a crowbar without a Shrader capacitor, the The required value of trigger voltage for a
results were discouraging. The load arc (simulated by given multigap crowbar design can be calculated as
the fault gap previously described) would sometimes follows:
ca" e the sharpening gap to prefire, effectively re-
moving the sharpening gap from the circuit before the 1. For safety against DC breakdown of the multi-
trigger was applied; as a result, part of the danger gap crowbar, the total of the Sap voltages should be
zone remained. Therefore, other triggering techniques twice the working voltage.
were investigated, as will be described below. With
hindsight, however, it appears that the combination of N x g . 2 x adc
the Shrader capacitor and a trigger unit with a g
sharpening gap should be able to eliminate the danger 2. To fire the gaps fast, the trigger voltage
zone; if the Shrader capacitor connections are ad- should be about 4 times the individual Sap breakdown
justed to provide reliable self-firing above 50 Y, as voltage.
in the solid curve of Fig. 7, and if the sharpening
gap is set not to fire at less than 50 kV, then the at - 4 x g
sharpening gap should never be prefired by a load arc 9

unless the NVFS voltage is high enough to ensure that 3. If a sharpening gap is used, the firing
the crowbar will fully self-fire anyway. Although voltage of thq sharpening gap determines the trigger-
this combination was not demonstrated, it appears to Ing voltage applied to the ultigap crowbar. In turn,
be a reasonable basis for future designs. to ensure that the sharpening gap does not cause mis-

fires, the trigger source must supply about twice that
Bottom TRaering voltage (assuming the sharpening Sap firing voltage is

stabilized by radioactivity; otherwise a factor of
Since the sharpening gap was being prefired by a three is recoended).

load arc when connected to the usual triggering point
in the middle of the multigap crowbar, other arrange- 1 = 2 x R - 2 x It
mints were sought that would ensure that the sg
sharpening gap would not be prefired. The only trig- Kultiplying these factors together results in a reco-
ger connection point that would keep surge voltages mnded trigger source voltage of
away from the sharpening gap unless the whole crowbar
self fired appeared to be the bottom of the crowbar. as . 16 x

N.

Figure 9 shows the circuit used for testing For a 20-gap crowbar for use at 150 kV DC, the recon-
"bottom trIggering", as it was called, with the manded trigger voltage is 120 Mc. This is sufficient
trigger pulse applied to the "grounded" electrode. for bottom triggering, assuming radioactivity is used
Note also that no RMVC blocking capacitor is required to stabilize the firing of the sharpening gap; sad this
in this arrangeant (such as C3 in Fig. 3). The arrangement eliminates the danger tone. Without the
sharpening gap was put close to and in sight of the sharpening gap, 60 kY is sufficient for conventional
crowbar gaps to allow ultraviolet radiation Zron the middle-triggering, but the danger zons is not *1l1i-
•h ninS gap to help speed firing of the crowbar nated entirely. The preferred choice of these
gaps 5 . This arrangement worked surprisingly well, alternatives for a particular system depends on many
using the techniques previously described under factors. For the intended system, it was decided
sharpening Saps. It is only necessary that the lead that the crowbar self-firing range with the Shrader
inductance from the bottom crowbar electrode to ground capacitov was sufficient to protect klystrona, so the
be at least a couple of icrohenries; in fact, typical conventional aiddle-triggaring method was selected to
high-power crowbars already have that much lead in- avoid the nuisance of a radioactive source and the
ductance in their return conductors to the capacitor higher required trigger voltage.
bank. This value of inductance is not significantly
harmful to energy diversion, since a multigap crowbar The above trigger vol-age calculation sbows
typically has 5 to 10 microbenrtes of inductance it- clearly how the trigger voltage requirement can be re-
self; it only increases very slightly the tim it takes duced by using more ape .n the multigap crowbar, at
for the fault current to divert fully from the load the expense of complexity. Nuisance firing (see below)
arc to the crowbar after the crowbar fires. may also limit the advantage that can be obtained by

increa-ing the number of Saps. Orm further side of-
Figare 10 shows the test results on "bottom fact of increasing the nunber of gaps is that the re-

triggering". Thanks to the Shrader capacitor, the sulting higher drop across the crowbar slightly re-
multigap crowbar is reliably self-firin above about duce its effectiveness in diverting curtrent froma a
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load arc (see Diversion Effectiveness, below), bar fires in 100 nanoseconds, the initial spike seen
on the load arc current was not expected. This

Trier Circuit spike turns out to be the result of finite crowbar
inductancq, which results in increased crowbar volt-

As noted in connection with fig. 8, added capaci- age drop (L *) during the rapid rise of current at
tance (C4)at the trigger source output makes it a more to t c
effective (stiffer) source for firing subsequent spark the start of the discharge cycle. During the ain

gaps following a sharpening gap. For similar reasons, portion of the discharge, the load current was ob-
a stiff source is desirable for firing the cascade of served to be nearly constant, as shown in Fig. 13, at
gaps in a eultigap crowbar with conventional middle- about 80 amperes. This implies a nearly constant
triggering even when a sharpening Sap is not used. voltage drop across the 20.Sap crowbar of 600 volts,
Once the firing process begins, it goes so quickly or 30 volts per gap, over the range of several thou-
(10 to 100 nanoseconds) that the trigger source ef- sand amperes down to where it extinguishes. Note that
fectively consists of only C4 during that time, and the crowbar extinguishes before the load arc does;
the trigger voltage must be maintained long enough to the tail end of the capacitor bank discharge is
trigger all the way to both ends of the crowbar, even through the load arc only, since it is a single gap
if the Lriagering goes slightly faster one way and and has lower voltage drop than the crowbar. Never-
"shorts out" the trigger to ground. As also noted, theless, 97% of the charge in the capacitor bank is
any inductance between C4 and the gaps it must fire diverted by the crowbar. It is also possible that a
reduces its effectiveness; similarly, any lead in- real arc in a vacuum tube (klystron, etc.) may ex-
ductance 2rcoding C4 is not harmful, in this sense, tinguish itself sooner than occurred with the air Sap
but simply affiects how quickly C4 can be charged. used here to simulate load arcs. The slight rise in
The task of all the trigger circuitry preceding C4, load arc current that occurs just before the crowbar
then, as shown in Fig. 11, is merely to charge C4 as extinguishes is caused by the well-known rise in arc
rapidly as possible to a suitable voltage so it can do drop 8 

that occurs at low values of arc current.
its job of firing the gaps following it. Increasing
C4, as suggested, will increase the energy that must Nuisance Firing
be provided from C2 in Fig. 11 and will increase the
time it takes to charge C4 when the thyratron is fired As shown in Figs. I and 12, an inductor is
(or else the thyratron peak current and di/dt must in- commonly used between the capacitor bank and the
crease), but this is the price one must pay to improve multigap crowbar to limit the rate-of-rise of current
triggering effectiveness. It should be noted that in a load arc and to ensure effective operation of the
triggering speed, usually considered one of the most crowbar, as described in references 3, 4, and 7. Un-
significant characteristics of a crowbar trigger fortunately, this inductor also causes the voltage
circuit, is not critical here, because a multigap appearing across the crowbar to fluctuate whenever the
crow ar with a abrader capacitor is reliably self- normal load starts or stops, as also described in the
fir.na under the conditions where firing speed is im- references noted. To prevent the crowbar from self-
portant (a load arc). Crowbar self-firing speed is firing under normal pulse operation, it is customary
hard to measure precisely, because of the high noise to limit the rate of rise and rate of fall of the
level present when the load arcs, but it is clearly load current, as well as to "open up the top gap" of
of the order of 100 nanoseconds. For other condi- the crowbar to 1.5 to 2 times the spacing of the rest
tions, a trigger reaction time of a few microseconds of the gaps in the multigap crowbar. Even then,
is certainly acceptable, and a 1200 pF capacitor at nuisance (unnecessary) self-firing of the crowbar may
C4 cac readily be charged to 100 kV in a few micro- still occur if the load current stops more quickly
seconds or less. The function of the trigger output than usual, as may happen in a klystron when a mod-
transformer, TI in Fig. 11, is simply to provide the anode-to-cathode arc occurs. Such an occurrence does
needed voltage step-up with adequately low leakage not require that the crowbar be fired, but self-
inductance, for rapid cherging of C4, together with firing is likely to occur because of the large volt-
sufficient santizing inductance to allow the output age transient that occurs in this case because of the
voltage to persist for a few microseconds. Choice of sudden interruption of the load current flowing
a large cove for TI makes it relatively easy to obtain through Ll. Several possible solutions to this pro-
suitable inductance values. Using a 39 pound core, a blem appear feasible, and, although they have not yet
leakage inductance of 0.2 microhenries and a magneti- been evaluated directly, differences in performance
sing iaductance of 3 microhenries (both referred to observed on different modulators during mod-anode-to-
the primary) was achieved. Used in the circuit of cathode klystron arcing appear to be explainable on
Fig. II, the total primary circuit inductance, in- this basis. Proposed solutions include:
cluding the transformer leakage inductance, was 0.6
microhenries. The delay tim from low-level trigger I. Open up the top gap even more. Eventually,
input to 100 kY output was only 1.4 microseconds this will spoil the self-firing ability of the multi-
total. To mniWse lead ind xctancos in the primary Sap crowbar, and it may spoil the ability to trigger
circuit, It was convenient to procure C2 and Tl in a the crowbar at low values of HPS voltage ("infinite
single package (Azel lectronics, part no. $1689-1). range" firing, as described in reference 2).
A smller transformer would suffice if slightly longer
trigger delay time is acceptable, and the resulting 2. Add capacitance from klystron cathode to
higher circuit inductance would also reduce the peak ground. The amplitude of transients is reduced, but
current and di/dt stress on the thyratron. load arc energy and pulse ringing are both increased

unless resistance is used in series with the addedDiversion ifectveness capacitance. A resistor in series with the modulator
"OF' dack, as suggested in ref. 7, helps but may notlbotugraphs of current waveforms during crowbar he sufficient for this purpose.

testing showed several interesting points. Fig. 12
shows the simplified equivalent circuit of the IVPS, 3. Add a damping resistor across Ll. A value
crowbar, and load, and Fig. 13 shows the waveforms around 300 ohs added across Ll in Fig. I will greatly (
observed. When the load arc occurs, the crowbar fires attenuate the voltage transient produced when load , !
jPromptly. Since LI limits the rate of rise of fault current is suddenly interrupted, and it will only
current to 500 A/usec (at 60 kV), and since the crow- raise the initial value of fault current into a load
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arc by 500 amperes.

One or more of these techniques should reduce or

eliminate nuisance firing without losing the important
advantage of reliable self-firing when a load arc
occurs.

R I L 14

Crowbar Construction ---

Figure 14 shows a multigap crowbar based on oo :

these principles and used in the circuit of Fig. 1.
The crowbar electrodes are supported directly by 150 KV CI

ceramic high-voltage bushings, which eliminates the 24 , , l OoR

creepage-path problems of the conventional "trough"
construction. The dividing resistors (see Fig. 2) are
also supported by the ceramic bushings and are mounted
behind the crowbar electrodes. A reliable construc-
tion was also worked out for the "ground capacitors",
i.e., the capacitors from each crowbar electrode to
ground (Cg in Fig. 2); since the ceramic bushings in-
herently had some capacity to ground (about 22 pF FIG. I. MODULATOR CIRCUIT

each), it was decided to add a simple sphere in the
oil-filled columns behind the bushings to raise the
capacitance to ground to the desired 45 pF, as shown

in Fig. 15. The shield baffles shown in Fig. 15 not
only help by increasing the capacitance from each
sphere to ground, but they also prevent an increase in
electrode-to-electrode capacitance, which would be un-
desirable (see ref. 2). The insulation resistance of
conventional transformer oil (properly purified) is
sufficiently high that it does not affect the voltage
dividing action of the divider resistors. This

approach allows conventional, conservative high- . 1
voltage design techniques to be used throughout the 

-

construction, leading to high reliability; the re- -

sulting L-owbar is corona-free to 180 kV. It can be
fired at any operating voltage, and it is reliably 2
self-firing above 40 y.
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RAPID RECYCLE CROWBAR CIRCUITS

George R. Lyuta and Thomas A. Weil

Raytheon Company

Wayland, Mass.

Summiary The concept of returning the faulted amplifier back to
normal operation within microseconds time, or

Crowbar circuits are used across high voltage en- "rapid-recycle crowbarring" has been studied pre-

ergy storage capacitors employed in the output viously but without a reasonable or economical
stages of high power radar transmitters. Conven- solution 1,4.
tional high voltage power supply and crowbar sys-
terns require OFF-ON recycle times in the order of
seconds. Circuits were studied which will allow the Approaches Studied
radar transmitter to be brought back into operation
within a few hundred microseconds after a tube fault Various approaches were studied, resulting in the se-
condition, lection of four rapid-recycle circuits for breadboard

testing to verify predicted performance. Figure 2
Two basic circuits were tested. In the first kind of shows simplified diagrams of the four circuits.
circuit, the capacitor bank energy is dissipated, as
in conventional crowbar circuits, and the bank is The four circuits cover two basic approaches. One
then quickly recharged from another capacitor. In approach dissipates the stored energy and then rapidly
the second kind of circuit, the energy in the capac- recharges the storage bank following load fault re-
itor bank is temporarily stored in reversed polarity covery. This approach is used in circuits 2a, "series
on the same capacitor, and then returned to normal recharge", and Zb, "shunt recharge". The second
polarity to restore operation, basic approach does not dissipate the power supply

stored energy foUowing a load fault. Instead. it con-
The tests showed that both kinds of circuits worked, serves the stored energy during the crowbar cycle
with a preference for the second kind described and then returns the stored energy in such a manner
above. Further work is needed on switching devices as to restore normal operating conditions following
for this application, and it remains to be determined load fault recovery. This approach is used in
how fast voltage may actually be reapplied to an RE circuits 2c, "continuous (or prompt) energy cycling".
tube after an arc without causing it to arc again, and 2d "delayed energy cycling."

Program Objective Critical Circuit Components

Examination of the four rapid-cycle crowbar circuits,
The program objective was to study the feasibility shown in Figure 2, shows that they all use essentially
of reapplying power to a transmitter high-power RF the same components; resistors, capacitors, crowbar
amplifier stage within 500 microseconds of a crow- switches, solid-state diodes, and chokes. Of these
bar action. components, the most critical are the crowbar

switches and the solid state diodes.
The term "crowbar" refers to a circuit configuration
which isolates a faulted load from its power supply, Crowbar Switches
and in particular from the power supply stored ener-
gies. 3 Figure 1 is a simplified diagram of a typical It was decided to perform breadboard tests at voltage
conventional crowbar circuit.. The heart of the crow- levels up to 40 kilovolts dc. For such tests two types
bar circuit is the crowbar switch. When a load of crowbar switches were available, the General
fault occurs, the crowbar switch is activated and be- Electric triggered vacuum gaps (TVG) and the EGG
comes a very low impedance compared to R1 and triggered gas gaps.
R2. The power supply stored energies are dissi-
pated safely in RIp and the switch remains closed An Important requirement for a short-term device is
until the power supply Is turned OFF. short recovery time at zero or near-sero arc

currents. Not much data is available on recovery
time of either type of triggered gap. What infor-

Program Significance mation could be found indicated that the recovery
time of a 24 kV EGG pressurized gas gap was around

High-power microwave tubes have a history of nunm- 100 MJ secondsS. Recovery time for the General
erous arcs during their normal life. This situation Electric vacuum gaps was indicated as around 10 kV
impacts on system performance and has increased per wsecond6 7 . As recovery time was expected to
significance when an array of amplifier tubes are be one of the circuit problems, the vacuum gap was
connected to a common power source. 4  selected for use in the breadboard circuits. Further

considerations in favor of the vacuum gaps over gas
Crowbar circuits are used across high voltage ener- gaps were the general conceptions that the minimum
gy storage capacitors employed in the output stages holding (or arc sustaining) current was much higher
of high-power radar transmitters. Conventional for the vacuum gaps (ampere region), and that the
high-voltage power supply (HVPS) and crowbar sys- vacuum gaps could be triggered with very low anode
terns require OFF -ON recycle times in the order of voltages (compared to maximum rated hold-off
seconds following a load fault. Circuits were studied voltage).
which will allow the radar transmitter to be brought
back into operation within a few hundred micro- Preliminary recovery time data was obtained on six
seconds after a tube fault condition, assuming, of G.E. vacuum gaps using the circuit shown in Figure 3.
course, that the fault has cleared within the tube. In this circuit, Cl discharges through Ri when the
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TVG is fired. RZ establishes the minimum holding Breadboard Tests
current, and CZ supports the supply voltage during
the recovery period. R 3 protects the power supply if The required delivery time of the long-lead items
the TVG doesn't recover, created certain problems due to a relatively short

program schedule (5 months). The most serious
The data listed in Table I show times in the range of problem was the delivery of the power-supply iso-
2 to 50 Lneconds with one exception. lating choke (LZ in Figure 2). The isolating choke

is necessary to isolate the power supply from the
energy -storage capacitor bank so that the power

TABLE I supply may remain active during a crowbar action.
DATA The choke is necessary to demonstrate that short-

TVG RECOVERY TIME Dterm crowbar circuits are compatible with con-
ventional power supplies, i.e. , the power supply re-

Manufacturer: General Electric mains on during the crowbar action. It was decided
that a resistor could be used temporarily In place of

Anode Voltage: 3 kV the isolating choke, and the effects of the choke could

Holding Current: - 0.4 A at 3 kV be quickly evaluated as a last part of the program

Peak Discharge Current: -250 A tests. The resistor value, R3 in Figure 6 (typical),
was initially selected to allow a current through
it approximately equal to the current that would

TYPE TVG S/N RECOVERY TIME exist through the isolating choke at the end of a 500
Zsecond period. The use of a resistor is a worst-

ZR7512 265 <? tsec case condition except for the stored-energy effects
ZR7512 255 10 Lec of a choke. With a choke, the current builds up at

ZR7535 104 10 to 40 .ec an E/L rate. With a resistor, the final value of

ZR7512 284A 20 to 500 lsec current exists throughout the entire crowbar cycle.

ZR7519 103 10 to 30 .sec
Series Recharae Circuit

It is realised that these results are by no means con- The first circuit tested was the series recharge
clusive, but they did provide a starting point for circuit, Figure 6. Cl represents the storage bank
initial breadboard tests. Accordingly, 50 "seconds normally supplying pulse or dc currents to the load
recovery time was allowed for the first approach to (microwave tube). C2 is the power supply recharge
be tested. capacitor bank. RI is the crowbar current-limiting

resistor, R2 is the series recharge resistor, and R3

A TVG assembly is shown in Figure 4. The assembly is the resistor simulating the isolating choke. The
includes the TVG and its trigger-electrode pulse sequence of operation is as follows:
transformer. The trigger electrode requires a
pulse source having a minimum open-circuit pulse a) Load ("microwave tube") arcs, initiating a
voltage of SkV, and a minimum short-clrcuit pulse signal which triggers TVGI.
current of 40 amperes.

b) TVGI shunts the faulted load with a low

Fast Recovery Diodes. impedance, causing the energy in Cl to be dissipated
in Rl.

The circuits shown in Figures 2c and Zd require high c) After discharging Cl. in approximately 50
voltage diodes that can pass high peak currents wseconds, TVGI recovers. R3 isolates TVGl from
(thousands of amperes) and withstand "Instantaneous" the voltage across C2.
application of reverse voltages immediately follow-
ing their conduction periods. Also, it was decided to d) After a preset delay time, TVGZ Is fired,
employ diode banks in series with each ZR7512 to recharging Cl through R2 In approximately 100
ensure recovery under high di/dt rates (diodes not 1seconds.
shown in Figure 2). Discussions with G.E. re-
garding expected gap current dl/dt rates during the The total time for a crowbar cycle (load fault to res-
desired recovery periods indicated a strong possi- toration of load operation) is the delay time between
bility that the ZR7512 would not recover under certain

of the expected test conditions (discussed further the firing of TVGI and TVG2 plus the 100 4seconds

later). A survey of available fast-recovery diodes time to recharge Cl.

showed the G.E. A-97 to have suitable character-
Lstics and that It was on the shelf 2 . The A-97 has an Evaluation of Circuit Performance. The circuit
operating PIV of 1000 volts and a one-cycle peak was sequenced at dc voltages up to 40 kV successfully,
current rating (half sine wave, 60 Hs of 3300 amperes). and with crowbar cycle times of approximately 200 to
Recovery time following conduction of such peak 500 seconds. Photographs showing typical wave-
currents was estimated at 1 tu 2 microseconds, forms are in Figure 7. Figures 7a and 7b show the
Forty-eight diodes were used in series to form a load voltage during a crowbar action with a power
40 kV PlV (operating) diode bank, Each such bank supply voltage of 40 kVdc. and with crowbar cycle
was made up of four assemblies of twelve diodes, times of 100 and SO0 tiseconds, respectively. The
Figure 5 shows a photograph of one of the twelve, droop seen In Figure 7 is mostly due to the response
diode assemblies. Each diode was shunted by an R-C of the capacitor voltage divider. ( A suitable 40 kV
suppression circuit (5 ohms In series with 0.2 4f). compensated RC divider was not available during
and a 100 kilohm resistor to maintain dc voltage those tests.) The voltage to which Cl is recharged
balance. differs from its initial value essentially by the amount

that the voltage across C2 drops as a result of charg-
Cl. (
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Proper performance of this circuit depends upon the A thorough investigation of the TVG recovery char-
recovery of TVGl within a maximum period of 350 acteristics, for use in the TVGI position. is re-

seconds for a crowbar cycle time of S00 seconds. quired before the shunt (or series) recharge circuit
The TVG used during these tests appeared to do this should be considered as a reliable short-term crow-
with some margin, bar circuit.

Recovery time of TVGZ is not a problem, as termin- Alternate Shunt Recharge Circuit Another
ation of its conduction period is followed by a steady- possible circuit configuration would be to eliminate
state condition of essentially zero voltage across its the recharge power supply, EdcZ, make C3 equal
anode to cathode. in value to Cl, and connect C3 to the main power

supply through an isolating choke. This config-
There were indications that TVG2 was being spur- uration was simulated by making C3 = Cl and setting
iously triggered upon firing TVGI. Sheilding of the EdcZ 

= 
Edcl (an Isolating resistor was used between

trigger electrode and its triggering circuit appeared C3 and EdcZ). Figure 9b shows the storage bank and
to be required. Subsequent testing of the shunt re- recharge bank voltage waveforms during a crowbar
charge circuit indicated that some of the failures of cycle. At time tI, the crowbar cycle is initiated and
the circuit to cycle properly (such failure would the storage bank is discharged. At time t2 , TVGZ is
cause power-supply shutdown) might have been due fired and charges the storage bank to essentially its
to non-recovery of TVOI. Further investigation of original value, and the recharge bank is completely
the recovery characteristics of the TVG Is indicated discharged. In this configuration compensation for
to establish reliability of this circuit, circuit losses can be achieved by Increasing the sixe

of C3 such that It is a little larger than C1.

One limitation of this circuit is that the arced load

must recover during the crowbar cycle and not suffer
a second arc during the recharge of Cl (TVGZ con- Continuous Energy Cyclina Circuit.
ducting and voltage rising across the load); other-wise TVG2 will not be allowed to recover and the The continuous energy cycling circuit differ* from the
power supply will be shut down. series recharge circuit discussed above in that the

stored energy is conserved rather than dissipated

during a crowbar action. This eliminates the re-
Shunt Recharge Circuit. quirement for a secondary energy-storage bank

(C2 of Figure 6, C3 of Figure 8) for recharging, and
The shunt recharge circuit dissipates the stored largely eliminates any surge power drain from the
energy during a crowbar cycle, as did the series re- prime power lines during or following a crowbar
charge circuit, and then recharges the energy stored cycle.
capacitor through a resonating choke. Referring to
Figure 8, Li, TVGZ, CR2, and C3 form the shunt Referring to Figure 10, Cl represents the storage
recharge circuit. A separate power supply, Edc2 , . bank normally supplying pulse or dc currents to the
feeds the recharge capacitor, C3. LI is the resonant load (microwave tube). C2 simulates a high-power
recharging choke, R1 is the crowbar current-limiting dc supply, I. e., one which is capable of supplying
resistor, and R3 is the resistor simulating the iso- high average currents. Ll is a choke which, with Cl.
lating choke. determine* the period of the crowbar cycle and the

peak value of the current during the crowbar cycle.
The sequence of operation is essentially the same as R3 is the isolating resistor (substitutes for the iso-
described for the series recharge circuit. The total lating choke.)
time for a crowbar cycle (load fault to restoration of
load operation) is the delay time between the firing of The sequence of operation is as follows:
TVGI and TVGZ plus the 50 pseconds time to recharge
Cl. a) Load (microwave .tube) arcs, initiating a

signal which triggers TVGI.

Evaluation of Circuit Performance. The shunt b) TVOI and CR1 shunt the faulted load with a
recharge circuit provided proper crowbar action at
storage bank voltages up to ZO kVdc. Crowbar cycle low impedance, causing the full voltage of CI
times were approximately 500 .,econds. Above (essentiaUy) to appear across LI.
20 kVdc, it was necessary to increase the value of the
isolating resistor, R3, to maintain proper crowbar c) LI resonates with Cl such that the voltage
action. A value of approximately 200K was required across Cl swings from its initial negative value to an
for proper operation at 40 kVdc. The indications were equal positive value (assuming zero losses). The
that TVGI was not recovering and/or was Iseing spur- circulating current passes through TVGI and CR1.
iously triggered. It is not understood why these d) The voltage across Cl continues its
problems were not as severe during tbh series re-
charge circuit tests. oscillatory cycle and swings back to its

original polarity and value (assuming zero cir-
The shunt recharge circuit requirre an additional cut losses). The reverse circulating current
capacitor bank, C3, and power supply. £dcl, but it passes through CR2.
provides the capability of cot'pensating for recharge e) During the second half of the cycle. d) above,
circuit losses by approprisie adjustment of EdcZ TVGI recovers. CRI ensures recovery of TVGI by
and/or the vale* of C3. "fith circuit loss compen-
sation, the load sees the same operating voltage preventing any possible flow of reverse current
in.=ediately after a crowbar action as it saw at the through TVGI.
time of the fault. T'is is shown in Figure 9a. n CR2 recovers as soon as the circuit has com-

Recovery time of TVGZ is not a problem, as the completed one full oscillatory cycle. At this instant
charging diode. CR2. forces recovery by its reverse the load voltage is reapplied at the pre-fault value
current blockinsg action. (assuming zero losses).
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It should be noted that during the entire crowbar b) The reverse voltage remains across Cl until
cycle the loead voltage is essentially zero. In TV02 is fired, at which time the voltage across Cl
other words, the crowbar circuit has completely reset again reverses (to its original polarity) and TVG2
itself before any voltage of any magnitude is reapplied recovers.
to the load. This means that should the load suffer
another arc when voltage is reapplied, the crowbar c) As TVG2 recovers, the load voltage is re-

circuit is ready to perform another crowbar cycle, applied to the pre-fault value (assuming zero losses).

Evaluation of Circuit Performance. The circuit Evaluation of- Circuit Performance. The circuit
was tested successfully at various voltage levels up to was tested successfully at various voltage levels up
40 kVdc. Waveforms of the load voltage, the voltage to 40 kVdc. Photographs showing typical waveforns
across Cl (storage bank), and the current through are in Figure 13. Figure 13a shows the load voltage

TVGI are shown in Figure 11. (el) dropping close to zero (TVGI conducting) during
the interval of time that the voltage across Cl is re-

Maximum circulating currents were around 3000 am- versing, (leading edge of Figure 13b, note that the
pores. At the end of one cycle the restored load time base is shifted to the right in Figure 13b). The
voltage was aporoximately 90% of the original value, load voltage (el) then swings to the reverse value
The cycle period was approximately 100 tseconds, (approximately 40 kV), and remains there until TVG2
which represents the recovery time allowed for a is fired (the droop is mainly due to the capacitor
faulted load. The half-cycle period of 50 seconds is voltage divider). At the time TVG2 is fired, the vol-
the recovery time allowed TVGI. tags drops to near zero and remains there until the

voltage across CI again reverses.
Proper performance of this circuit depends upon re-
covery of TVGI within a maximum period of 50 At the end of the crowbar cycle, the restored load
Aseconds. The use of a reverse-current blocking voltage was approximately 90% of the original value.

diode (CRI) ensures recovery of TVGI. However, The allowable load recovery time was demonstrated
satisfactory operation was also achieved with CRI up to 500 pseconds. Operation in the region of the
shorted, which indicates the possibility of eliminating minimum available recovery time (approximately
CRI. 100 14seconds) was demonstrated later. (Discussed

later).
With CRI eliminated, this circuit differs from the
standard crowbar circuit only by the addition of a The necessity of CRi is evident in Figure 13c. The
diode bank, CR2, the resonating inductance, L, voltage across CRI is seen to rise to approximately
and the isolating choke (R3 substitution). in some 35 kV at the end of the first half of the crowbar cycle.
power supplies the isolating choke may already be This happens when TVGI doesn't recover within a
there in the form of a filter choke. Of course, the few microseconds. CR and CR2 had been added in
specifications for the energy-storage bank capacitors, anticipation of TVG recovery problems. It was
Cl, would have to include the special requirement of noticed that the voltage impulse across CRI did not
withstanding full voltage reversal, always appear. Further investigation of TVG re-

covery time would be necessary to see If the diode
Instabilities noted during the tests all appeared to be could be eliminated. This mlgnt Involve some TVG
caused by spurious triggering of the TVG's, indi- development effort. to insure consistently short
cating the necessity of shielding the trigger electrode recovery times.
and its trigger circuit. This circuit offers the advantage of increasing the
A limitation of this circuit is the inability to vary the allowable load recovery time beyond the resonant
period of time allowed for load recovery without period of t--"nd Cl without changing the values of
changing Ll or Cl. For a pulse system the maximum LI and CI.
value of LI would be limited by the required rate of
rise of normal load pulse currents. The minimumn Restored load voltage at the end of a crowbar cycle
value of C1 would be limited by the allowable voltage was approximately 90% of the original value. An es-
droop during the pulse. A further restriction on timate of the circuit energy losses attributed 5% of
LI and Cl is the ratio v/'I/C. which determines the the losses to the TVG, 23% to the diode banks, and
peak circulating current that the diodes and TVG have 72% to the combination of the resonating choke (LI)
to handle. and circuit leads. Reasonable caution was exercised,

but no attempt was made to optimize Ll or the cir-

Delayed Energy Cycling Circuit. cuit leads from the loss standpoint. Restored load
voltage of around 95% of original value could be ex-

The delayed energy cycling circuit, Figure 12, was pected In a real application by minimizing losses in

conceived to Increase the recovery time allowed a Ll and circuit leads.
a faulted load without increasing LI or decreasing Cl,
and to provide adjustable control of the allowable re- Isolting Choke Tests. The tests described above
covery time. This is accomplished by including a were performed wit a resistor, R3, substituting for
second TVG in series with CR2 and programming its the isolating choke because of the unavailability of
firing time relative to the firing of TVGI. CR2 is the choke. After receipt of the choke, time was
left in the circuit to ensure recovery of TVG2. available for tests in two of the four circuits, the

shunt recharge circuit, Figure 8, and the delayed
The sequency of operation Is the same as for the con- cycling circuit, Figure 12.
tinuous cycling circuit except:

The inductance value selected for the choke (LZ) was
a) After firing TVGI, the foltage across Cl re- 6 henries. This would allow the current to build up

verses and TVGI recovers. CR3 is used to isolate the to 2.67 amperes at the end of 400 microseconds
faulted load from the reverse voltage, with a driving voltage of 40 MV. The maximum vol-

tage that the choke would see across its terminals
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would be 80 kV. This occurs in the delayed cycling 4) A comparison of some of the characteristics
circuit following the reversal of voltage across Cl of the four approaches studied is made in Table 2.
during the crowbar cycle. Selection of the optimum approach will ultimately

depend upon the specific requirements of the appli-
A series combination of a diode and resistor were cation being considered.
connected across the choke to dampen oscillations
caused by the energy stored in the choke's magnetic
field at the end of the crowbar cycle.

cmcu .CItSA. SUVNT C004744 cy0 CO

Shunt Recharge Circuit. The shunt recharge cir- o ,
cuit sequenced satisfactorily at dc voltages up to .r v.... .. r .. . o " 00
30 kV, with crowbar cycle times of 500 "seconds..... '..

Above 30 kVdc performance was unreliable due to
pretirggering or non-recovery of TVGI (as pre- I U-0
viously reported). . .--

-.. C- C.,I.- 400W00 I0* UOA rp As.

Other than the recovery problems, the circuit func- 1. 40... . .

tioned satisfactorily. The load voltage waveform 0...... .. 0

during a crowbar cycle looked exactly the same as
in Figure 9a (R3 in place of LZ). ,,T00. . " 1. . 140

The circuit was sequenced at 40 kVdc with eight .
satisfactory crowbar cycles out of twelve tries . ,...., ......
with a 500 isecond cycle time (the failures were .... .....
false TVG triggering or failure of a TVG to recover).
There were four successful tries out of seven tries TABLE Z. COMPARISON OF SHORT-TERM
with a 250 ".second cycle time. This performance was
better than that obtained with the isolating resistor. CROWBAR CIRCUITS
indicating that the tests with the isolating resistor Areas For Further Investigation.
were conservative tests.

a) Further evaluation of recovery time of ex-
Delayed Energy Cycling Circuit. The delayed isting triggered vacuum gaps.

cycling circuit sequenced satisfactorily at dc voltages
up to 40 kV and with crowbar cycle times of from b) Development effort to obtain a triggered
500 useconds to 110 pseconds. No crowbar cycle crowbar device which will recover without the use
failures were experienced, of reverse diodes.

The crowbar circuit performance was the same with c) Evaluation of the recovery time of high
the isolating choke as it was with the isolating resistor. power vacuum devices (RF tubes) following normal
The load voltage and storage bank voltages with crow- arcing during their useful operating life, to deter-
bar cycle times of 500 useconds and 110 pseconds are mine how rapidly voltage may be reapplied without
shown in Figure 14b. c, d, and e, causing them to arc again.

The voltages across CRI and CR2 are shown in Figure Credits
14a. The photograph shows that CRI recovered be-
fore TVG1, but that TVG2 recovered before CR2 The recharge circuits shown in Figures 6 and 8 are
(as previously observed during tests with the iso- versions of an approach originated by 3. C. Davis,
lating resistor. R3). This was not a consistent con- and include contributions by 3. H. Main.
dition. Again, this verifies the present necessity
of diodes and the possibility that some work on TVG The cycling circuits shown in Figures 10 and 12
recovery characteristics might permit the elimination are based on an approach originated by K.M. Smalley.
of the diodes.
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By Robby R. rray

Ilis Rome Air Development Center
Grif0iss AF, N Y

Summary

Paper describes the background behind a comprehensive ratings of tubes in order to keep the system from
test on a group of selected off-the-shelf thyratrons. getting extremely large or to play it safe and
Specific objectives of the test wore (1) determine design around the nublished data. Either choice is
the maximum operating anode voltage as a function of subject to error si.ice Published data is taken
average current, (2) determine the maximum averaRe under conditions which differ considerably fror the
current as a function of anode voltaee, (3) deter- proposed design. The objective of this test is to
mine short time on stability and (4) determine the see how far the published ratings can be extended.
above ,arameters with the tubu operating in a ;,e are not modifying the old tube or making new
vibration test stand. While the data is in the form ones but merely gilling in additional data points
of a preliminary report certain trends are evident, now missing from the data sheets. Consider the
These are (1) the peak voltage which can be achieved rated narareters Presented Qraphicallv in Figure
is considerably above the rated value if averare we want to see at what average current and maximum
current is kept lower than rated value. (2) at voltage the tube becomes unstable. At the hiph
rated voltage the averaee current is equal to or voltage limit, the inherent voltage limitations of
close to the rated value, and (3) averave current the tube structure and snacin~s can be determined.
can be raised above the rated value if anode voltage In exercisina the maximum current, the cathode
is lowered, emission and hydroven nressure contact can be

evaluated. It is doubtful if the anoee heatinp
Introduction and Theoryof Tests factor will be of significance because the PRF is

less than 1000.
The thyratron has been used extensively in nulser
systems For accelerators and radar transmitters. Organization
In these systems continuous or long term overation
is comeon. Designs tend to be very conservative. The tests have been organized to exercise the common
Some new pulser designs however are requiring that a thyratron parameters such as PFN voltage, average
very large number of thyratrons, all effectively and peak currents, grid voltage variations, and
in parallel, be operated simultaneously for short reservoir voltage. Other observed indications.
periods into a comeon load. In order to save systen temperature, jitter, survival of conditioned state.
weight it is also desirable to extend the ratings of and turn-on stability of tube performance and
available tubes. Data available on data sheets reliability, are also being evaluated.
often is limited so far as operation in the proposed
designs is concerned. It is the intent of this pro- Recause of the interrelation of PFN and load
gram to evaluate five (S) different off-the-shelf impedance, pulse width and pulse rate on the average
tube types for the maximum voltage and currents that and peak currents, wide flexibility in a test cur-
can be achieved. The common parameters by which cuit is necessary in order to evaluate the per-
thyratrons are rated include average current. anode formance of a number of tubes. A fixed pulse width
voltage, peak current, and the anode heating or Pb of 20 microseconds at pulse rates of lfl and 333 PPS
factor. The maximum pulse width and pulse rate are are used for the test and serve as a baseline. With
often not specifically identified. In many cases the the fixed pulsed width, two pulse rates, a variable
tubes have never been operated at pulse lengths PFN and load impedance, and a variable voltage supply
greater than 5-6 microseconds, the tubes actual performance can he evaluated for

average and peak current limits,
Another factor ibout thyratrons worth con-

sidering is the stabilization time. In some of the Test parameters selected for evaluation of tite
newer high powered pulsers being built today, the tubes is listed in the following table,
total run time is 2-S minutes maximum. Gradual run-
uv of voltage is often not provided for and in cases PARAMFETER RANES
snap-on anode voltage at full value is required. In
this test. we seek to determine stability for a short Pulse W'idth 20 usec
time period. The high average cower system being
planned or built today far exceeds the power capa- 'M ZoN 1-64 ohms
bility of any single thyratron. This forces the
designer to either attempt to stretch the published PRF l n - 333

This work sponsored by the Air Force Rystems Voltage (Rated) 35 - Rf KV
Command. Rome Air Development Center, Griffiss
Air Force BAse, MY. Current (Rated) 4 - 15 amps

Current (Peak Rated) S -IOK amps

Actual Maximums
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Note the wide range of impedances listed. This im- Grid Circuit
pedance is the pulse forming Network Zo. The actual
discharge circuit impedance is slightly less than Recause of the slirhtly different grid circuit
twic the Zo with load impedance being lower than Zo. requirements, adjustable unit type rower sunplies

and an adjustable pulse trigger pulse generator are
Specific PFN impedances to he evaluated are used. To simplify grid bias application, a pulse

64. 4S, 32. 22, 16. 11. 5, S. 5.75, 4. 2 and 1 ohns. transformer is used to couple in the trigger pulse.
If each of these Zo values is examined at each PRF %here a prefire electrode baffle, or grid No 1 dis-
as many as 22 data points would be possible. It charge is required, a D.C. source is used rather than
probably will not require this many points to pulsed because of simplicity. In general the grid
determine the load rating curve, and prefire electrode voltages were set at the mid-

point of the total range of each type tube unless
Candidate Tubes some detrimental affect occurred.

Tubes chosen for evaluation are listed below alone Load
with the ratings and shown in Figure 1.

The load circuit also had to be versatile with nuick
Tubes oltage Current change features and adequate nower handling ability.

. . Avg -As An existinF electrolytic or conductive liquid type
load circuit was modified so that the very low im-

ITTKU275 so 8A pedance could be achieved without saturation of the
electrolytic solutions or requirine extreme amounts

English lec. CX117S g0 6A of salt. Copper sulfate was used as an electrolyte
because of the relative ease with which the solutions

4-n Value MIT-9 35 lSA conductivity can be controlled. Fig "e 3 shows the
load in photograph. Figure 4 is a s.etch of water

EG-; HY-S 40 A low path of the load. Adjustment of the load im-
pedance is done by connecting the appropriate number

Wagner Elec. C11222 so 15 of 6" diameter tubes and trimming with the 2" diameter
tubes. In addition either fresh water or concentrated

All of these except the HY-S are provided with an copper sulfate solution can be added to change the
auxiliary electrode for nretriegerinR the grid- electrolyte conductivity. One common complaint of
cathode section of the tube. The rHT-9 and 11Y-S the electrolytic load is that it is unstable be-
are single gapped tubes while the other three tubes cause of temperature changes. This is true if the
are double gapped. primary cooling system is unable to absorb the heat

from the load rapidly. No significant changes in
Pulser Circuit the load impedance occurred in the test while

running. Minor adjustments occurred if the outside
Conventional line modulator technioues have been ambient air varied considerabl ,. however, load
used through the tests where possible in order to matching was always such that even at the lowest
duplicate typical circuits. Using components from running temperature the load impedance was always
existing inventory or local design the circuit less than the PFN impedance ensuring an inverse
shown in Figures 2 & 3 was constructed. The most voltage on the thyratron. Thus if the temperature
imaginative and challenging part of the circuit was did change the inverse diode circuit would keep the
to reconcile the demands for a constant oulse length amount of inverse voltage under control and prevent
at varying PFN impedances in a convenient manner. excessive voltage build-up on the PFN.
To change the impedance involves changes in both
inductance and capacitance. Also the charging The following waveforms. Figure S and 6, are
inductor size needs to change if approximate representative of the nulse obtained from the above
resonant charging conditions are maintained. Some circuit and the load.
leeway is possible on the latter requirement, how-
ever. either by using delayed resonant charging or
by allowing a limited amount of anode voltage_ Peak I
hold-off time. loo Amps

Fortunately because of a ready supply of 0.25 10 usec/cm
microfarad pulse type capacitors, obtained from

excess power supplies, a group of basic PFN's were
designed. These basic PFNs have an imoedance of
either 16 or 11.3 ohms. Using the four inductors
and capacitor groups in series combination allows
the impedance to he raised above 16 ohms. Figure S. Anode Current waveorm
Paralleling either unit PRN's or combinations of
capacitors and inductors, allows the impedance
ranve below 16 ohms to be reached. It has been
found that the above procedure produces almost Peak
identical pulse shapes for any of the impedances. Voltage
Since only S sections are used some loss of rinple_ 14KV
control occurs however at 64 ohms. tn general.
the pulse ripple and droon can be held to a +
with relatively little difficulty.

(
Figure 6. Load Voltage W:aveform
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Reservoir Voltage Adjustments time at the end of the charge cycle, spurious break-
down is avoided.

One of the most critical adjustments in a thvratron
operation is the reservoir voltage. If the The series of tests will investigate the effects,
reservoir voltage or hydrogen pressure is too low, benefits and penalties of using both conventional
excessive tube dissipation results while too high a charging schemes and the delayed charge technique.
pressure will cause the tube to solf-fire. At present the conventional charging scheme is used.

'The ranging of the tube reservoir setting was Inverse Voltage Effects
done mostly in the usual manner. Usually the opti-
mum reservoir voltage was equal to or less than the One of the most critical periods in the pulsing
value stamped on each tube. As the average current operation of a thyratron is Immediately after the
increases at the lower load impedance, the reservoir pulse when the thyratron is attempting to deionize.
voltages will have to be re-adjusted, however. This is when the ions are recombining and tube

pressure is stabilizing before the next pulse. An

In addition to the usual ranging methods, some inverse or negative voltage applied to the anode
studies were made using the radio frequencies immediately after the pulse ceases can aid deionia-
emitted from the tube during thi grid-anode takeover tion. Too high an inverse voltage however causes
time interval. Mr. R. Bradford of SLAC has re- excessive anode dissipation and arc-back. In-
ferred to this technique. We have found essentially sufficient inverse voltage however may prevent the
the same resonant frequencies in ITT KIJ275 and the tube from deionizing before the PPM charging voltage
C11 1191 that he refers to. It has also been observed rises and causes continuous conduction through the
that under heavy loading conditions on the tube, thyratron.
there is an abrupt shift in the resonant frequencies
just prior to a failure. Using a spectrum analyzer, We have observed failure due to excess inverse
as a receiver, we have observed that the spectral anode voltage in some of these tests while adiustmrnts
lines respond to changes in the reservoir voltage, in the load were beinp made. The particular mode
It appears that certain discrete spectral lines begins as a sudden chopping of the inverse voltage
show changes as the voltage varies. This Phenomena back to the base line or zero volts. This is most
may be a blessing in disguise. Further tests are noticeable when no end of line clioner is used.
required to establish the uniqueness of these Using an inverse diode circuit with an RC voltage
rather sharp spectral lines with the most optimum integrating network tends to average out the inverse
reservoir voltage, but enough evidence points to this voltage and reduce the magnitude of the spikes.
possibility. It may be possible to provide a curve
with each tube as part of the test data sheet Results
indicating the RF signal one should adjust the
reservoir voltage for. Data presented in this section is in the form of a

preliminary report and covers the HY-S, C11222,
Delayed or Command Resonant Charge CXIlS and the GHT-9. To date the impedance range

down to 16 ohms has been covered at the two selected
Ideally one would want to have complete control of pulse rates of 333 and 1R0 PR. A data point is
every process during any interval of time in a established when conszcutive test runs agree. Also
pulser system. For instance, by placing physical the tube must pulse for 5-10 minutes without failure
restraints, through careful selection of parts, on in order to establish the Point.
the rate of rise of PFN voltage we allow the thyra-
tron to recover before the rising voltage causes In general, all four of the tube types tested
conduction again. Also by operating at a slightly to date show some possible extension of the ratings.
lower load impedance the tube is aided in its turn- The curve sheets. Figure 7 through 10 shows the
off. With a charRing diode the inductor can he data points for the three impedance values of the
made, within certain limits, smaller than necessary two PRFs.
for exact resonant conditions. Unfortunately each
of the techniques have certain penalties. Circuit Note the rather close spacing of the data points
component sizes become critical. The thyratron may particularly for the GMlT-9, 1Y-S, and the C111222. As
either have to hold off voltage for a excessively the PFN impedance is changed the average current
long time, under certain cobditions if the PRP is follows in the same ratio for the same pulse rate.
rated over a wide range. Inverse voltage for Changing the pulse rate along with the widths keep
deionization control can cause anode heating and approximately the same average currents. The
arc-back under extreme conditions particularly voltage tends to reach a maximum limit at some Point
at high PRs. 20 or more KV above the rated value. It appears

that the tube failures at the highest voltage mode
One way to improve on the above techniques is is caused by field emission initiated breakdown. The

to supplement them with a delayed charging scheme. IHT-9 in particular fails through anode ceramic
With electronic control of the start of the re- flashover externally. Recause of the almost vertical
charge on the PFP, the load can either be equal to slope of the curve at the maximum voltnge points, we
or greater than the PPN impedance if desired. An can say that the tuhes inherent voltage limitation,
end of line clipper is still required, however, for determined by the electrode soacing and Peometry,
load fault conditions. The '.nterval of time in the has been reached.
charging process when no charging current flows and
the PP is not charging, normally occurring after The average and peak current limitations have
the PPN is fully charred but before the thyratron not been reached as yet. The trend for all the
is triggered, can be placed instead at the beginning tubes however, is to lower the anode voltage as the
of the charging cycle, With no positive rising average current increases. It may be possible or
anode voltage at the start, the tube is thus free even necessary to increase the filament voltage as
to deionize. Without a standby voltage hold-off higher than rated average currant is attempted.
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Reservoir voltage will also be re-adjusted upward,

Some additional cooling may be also required.

CONCLUSIONS

To date we have shown that these tubes tasted can

operate at higher than rated voltage when the

average current is less than rated value. Also it

appears that at voltages less than rated value, the

average currents can be raised above the data sheet

value. At the rated voltage and current values

the data sheet information appears to be accurate

when the tube is operated under typical operatinqi

conditions. This report therefore shows that

additional operating ranges are possible for

off-the-shelf tubes.
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A MULTIGAP, DOUBLE-ENDED, HYDROGEN THYRATRON

H. Menown B. P. Newton
English Electric Valve Co. Ltd.

Chelmsford, Essex, U.K.

SIMMary depends upon the rate of arrival of positive
ions at the anode and their energy at the

This paper discusses the limitations of moment of impact. Factors which encourage
conventional ceramic thyratrons with regard a large plasma density at the moment the
to inverse voltage and describes a double- current ceases are:-
ended, multigap thyratron capable of con-
duction in both directions. This new i) A large peak pulse current ampli-
device behaves as a triggered, bidirectional tude and duration.
switch and so improves coamnutation and
simplifies circuit design. Methods of ii) A fast rate of fall of pulse
triggering, excitation and protection are current (so that the time for ion
described, diffusion out of the plasma is a

minimum).
The ceramic hydrogen thyratron is now

well established as a versatile, high- iii) A high gas pressure.
speed, high-current switch. Before
triggering it can hold off up to about Factors which encourage high power
40 kV per gap and when more than one gap is bombardment of the anode with positive ions
built into a single envelope the ability to are:-
hold off forward voltage increases in
proportion to the number of gaps employed. I) A large inverse voltage.
A typical application for a hydrogen
thyratron is to switch repeatedly pulse ii) Too high a rate of rise of inverse
currents of several microseconds duration voltage (so that the inverse
such as those required for powering voltage reaches a critical level
magnetrons, klystrons or beam bending before the ion density has fallen
magnets in particle accelerators. The to safe levels owing to diffusion
energy for producing such pulses is usually and recombination).
built up and stored over a period of
several milliseconds, during which time a Due to the much faster recovery of
steadily increasing and then constant hydrogen thyratrons in the anode region
forward voltage is applied to the tube. If than elsewhere in the tube, the inverse
necessary the comencement of this energy voltage is developed between the anode and
storage can be slightly delayed by various its adjacent electrode. This really
triggered charging techniques so that no becomes very important with multigap
problems occur as a result of the recovery thyratrons since all the inverse voltage is
time of the thyratron. initially developed across the gap at the

anode end; such thyratrons are at this time
The inverse voltage rating of a no better at withstanding inverse voltage

thyratron is generally the same as that for than single gap tubes. This can create quite
forward voltage, provided that the tube has a problem since the maxim= achievable
not just ceased conduction. However, the reverse voltage is a smaller percentage of
problem frequently encountered with the the peak forward hold-off voltage and this
design of modulator pulse circuitry is the may lead to tighter constraints on circuit
limitation of the inverse voltage applied design.
to the thyratron imediately following
the cessation of the pulse current. At If the requirements of the pulse
this time the active regions of the tube generator are such that the circuit design
are full of a conducting plasma and if a necessarily includes an inverse diode then
negative voltage is applied to the anode a number of possibilities exist:-
the resulting ion bombardment may be heavy

enough to produce secondary electrons and a) The use of a conventional inverse
to start a destructive metallic arc with diode, in series with a suitable t
the anode acting as a cathode. The load, across the thyratron. This

probability of a reverse arc being initiated has the disadvantage that same
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inverse voltage is still applied and reliable service in modulators pulsing
across the thyratron and reverse beam bending magnets. The anode of the
arcing can still occur. CXl71 was replaced by a grid 2, grid 1,

cathode and reservoir assembly so that the
b) The use of a matched inverse diode resulting tube was symetrical across its

system at the opposite end of the centre plane. Figure 1 shows a photograph
pulse forming network. This can of this tube which was designated CX1171B
be quite effective but does not together with a standard CX1171. When
protect the thyratron from inverse operated in a test modulator the tube
voltages produced by the load behaved similarly to a CX1171 except that
capacitance whose effective value it went smoothly into reverse conduction,
can be quite large if the load is whereas in the case of the CX1171 the
fed via a high-ratio pulse trans- current either ceased or reverse arcing
former. occurred if the circuit conditions were

unfavourable.
c) The use of a diode reverse

connected directly across the With the CX1171B the mechanism of
thyratron (with no inverse diode switching is similar to any other EEV multi-
load). If the diode can switch- gap tube; each gap voltage collapses about
on sufficiently fast this will twenty nanoseconds after the one below it
prevent any inverse voltage from from the triggered end and the plasma-filled
appearing across the thyratron. intervening drift spaces act as virtual
It has the disadvantage that every cathodes. The electron current is taken
time the current changes from out at the top end of the tube by using the
reverse to forward the thyratron relevant grid 2 and cathode electrically
has to restrike from a partially connected together to form an anode. It is
recovered state and energy is reasonable to assume that the grid 2 acts as
dissipated in the form of a the current pick-up electrode and so
commutation spike so that the protects the cathode from the high energy
working life of the thyratron may spike at the moment of switching. At the
be reduced. end of the forward pulse the tube is full of

ions and electrons so that the current can
d) The use of a bidirectional switch. reverse very easily and is able to build up

Ideally such a switch, once and flow normally in the reverse direction
triggered, conducts equally well because of the presence of a cathode capable
in both directions and hence of supplying primary electrons at the top
cannot be damaged by reverse end of the tube. The reverse electron
arcing - it acts as its own inverse current is taken out at the bottom of the
diode. tube via the cathode structure at that end.

Here grid 2 cannot carry any appreciable
A bidirectional switch has certain current because of the series impedance

advantages when compared with a thyratron across which the trigger pulse is generated
plus a separate inverse diode system. but as the electrons hitting the original

cathode structure are unlikely to have much
i) It is simpler (one device replaces more than 100 eV of energy no damage is

two) and hence is likely to be caused.
more reliable.

Fig. 2 shows an oscillogram of the
ii) Commtation losses at the moments current flowing through the thyratron in a

of current reversal are at a mini- deliberately mismatched modulator. It can
m- since the same charge carriers be seen that the current reverses at the
conduct the current in both end of each half cycle with no break in
directions and do not have to be continuity. Fig. 3 is an oscillogram of
regenerated each time the current the voltage across the thyratron and this
reverses direction, shows that, apart from the change in

polarity of the arc-drop, very little
When a requirement occurred at CERN disturbance occurs at the moments of current

for a 60 kV high current, bidirectional reversal.
switch, work was started on the construction
of a hydrogen thyratron capable of con- Heating, priming and triggering of a
ducting equally well in both directions, double-ended tube follow nounal practice
The design was based on the CXli71 (a three- except that the grid 2 is directly connected
gap, tetrode thyratron) since this tube to the cathode at the top end of the tube
type had already been proved to give long (see Fig. 4). The reasons for this direct
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connection are as follows:-

i) The grid 2 acts as the main current
collector and protects the cathode
at the top end of the tube.

ii) If grid 2 is used to carry any of
the d.c.-priming current it tends
to increase the dark current
which flows through the top gap of
the tube and upsets the voltage
division across 'to tube gaps by
causing unequal currents to flow
in the divider resistors.

iii) If connected to the cathode via
any resistive or inductive element,
grid 2 is driven sharply negative
relative to the cathode when the
tube first starts to conduct.
This voltage transient causes a
risk of external spark-over and
internal damage.

At both ends of the tube grid 1 is
d.c.-primed. At the bottom end of the tube
this is simpler than pre-pulsing and allows
a d.c. current-operated interlock to be
used; this allows a simple fail safe
protective system to be incorporated. At
the top end of the tube the d.c. priming
current provides a plasma and hence a
virtual cathode close to grid 2 so that
the tube current can reverse without any
interruption. Again, a simple HT interlock
can be built using optical isolation to
avoid the necessity for a high voltage
stand-off relay.

It is essential that the two
reservoirs (one at each end of the tube) are
powered by similar rms voltages at all
times, otherwise hydrogen will transfer
from the hotter to the cooler reservoir and
this may eventually upset the gas pressure
stability in the tube.

Initial trials of the CX1l71B have
shown that it can conduct 4 kA pulses of
duration up to 30 microseconds (see Fig. 2)
and a larger tube to work at 10 kA for
25 microseconds is now being constructed.

234

-dam



ANODE VOLTAGE

__ tLaSEC/CM

Firare I Figure 3

ANODE CURRENT CI1*1

101,p.SEC/CM

2000A/CM - -Moi~ A

Figure 4

Figure 2

239



THE USE OF HYDROGEN THYRATRONS AS HIGH SPEED,

HIGH VOLTAGE RECTIFIERS

H. Menown G. J. Scoles
English Electric Valve Co. Ltd.

Chelmsford, Essex, U.K.

SThe normal alternatives to silicon or
germanium semiconductor diodes are thermi-

The necessity for a high forward onic rectifiers and selenium rectifier

current, fast-reverse recovery diode arose assemblies: both have advantages and dis-

during the design of a thyratron test modu- advantages in high power applications.

lator. This paper describes how such a Thermionic rectifiers are rugged and not
diode can be obtained by the use of hydrogen readily damaged by overloads but they have

thyratrons in a parallel assembly. the disadvantages of usually being suitable
only for relatively small currents and of

Pulse generating circuits often incor- having a high internal impedance. This, in

porate diode rectifiers for charging and turn, results in the dissipation of a con-

switching purposes but in certain cases it siderable amount of power if large currents
is found that a theoretically excellent have to be conducted. Selenium rectifiers,

arrangement cannot be made to work satis- though less easily damaged than modern

factorily just because a diode able to semiconductor rectifiers, are still liable
switch rapidly enough or able to withstand to accidental damage or destruction if
suddenly applied inverse voltages cannot be severely overloaded and they, too, have
found. The charging and inverse diode maxi-u- current and thermal limitations to

circuits of conventional pulse generators their use. Further, a certain amount of

often make use of stacks of series-connected reverse current flow is unavoidable with
semiconductor diodes and in applications such rectifiers and in some applications

such as these where fast switching is not this may render them unsuitable.

required from the diodes, satisfactory
operation is normally achieved without much A less well known solution is to make

difficulty. It is essential to obtain use of the rapid switching characteristics

correct voltage distribution between the of hydrogen thyratrons by connecting the

various rectifiers of a series-connected thyratrons as diodes. It is necessary to

stack when it is subjected to inverse provide some means of ionising the gas

voltage but so long as the maximm voltage, between grids and cathodes and then a device

current and rate of rise of current ratings exists which can conduct many thousands of

are not exceeded, such rectifiers will amperes within tens of nanoseconds and

usually give reliable service. This applies which can also withstand up to about 30,000

particularly t, low and medium voltage volts inverse in many applications. Heater
equipment, bur as the working voltage and grid excitation power is required con-
increases the number of rectifiers required tinuously but the current and voltage

of necessity increases as well. Problems of ratings are such that the advantages gained
screening and voltage distribution then far outweigh these where high energy
become harder to solve due to the sheer bulk switching is required. Large ceramic
of the equipment which must be provided. thyratrons are ideal where large currents

have to be carried but they are liable to

A further difficulty associated with arc-back if sudden voltage reversal is

semiconductor rectifiers is that they must applied ismediately following such currents.

at all times be able to withstand any A multiplicity of parallel-connected
voltage or current transients which may thyratrons, either glass or ceramic, gets

occur in service. There are many causes of over this problem. Since the peak current
such transients (apart from obvious over- in each thyratron is inversely proportional

loads and short-circuits) and unless the to the number in parallel the chance of arc-
designer is really expert he may well find back occurring is considerably reduced.
that an apparently correctly rated rectifier Once the current requirements have been
stack suddenly fails for a reason which is reduced in this way, it becomes preferable

not imediately obvious. Replacement then to use glass thyratrons as the individual
tends to be expensive and if many rectifiers diodes since this considerably reduces the
are involved the storage of spares can also cost of the assembly. A photograph (Fig. 1)

be a problem. of an assembly of eight CX11S9 thyratrons
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shows a typical set-up. test and the peak and average currents were
6,000 amperes and 6 amperes respectively.

Thus where large currents and medium This corresponds to a power supply of about
"switching off" speeds are required single 120 kW average and the cost of running the
large ceramic thyratrons can provide a modulator worked out in the U.K. at the
satisfactory solution, whilst if the speed equivalent of 20 dollars per hour so that a
of voltage reversal is extra fast then an life test for 1,000 hours would cost 20,000
assembly of parallel-connected glass thyra- dollars. In addition, the actual provision
trons should be used instead. Thus ceramic of a 120 kW supply of electrical power and
thyratrons have been used as charging diodes of means of subsequently dissipating it
and inverse diodes in conventional high would involve a considerable capital cost.
voltage pulse modulator circuits but where
high currents and sudden reversal of voltage Using the "loss free" system the total
are involved simultaneously, a number of power required at full load is about 6 kW
parallel-cQnnected glass thyratrons have and provision for cooling has not yet been
provided a solution to a problem which up necessary.
to then was virtually insoluble.

Diodes D1 and D2 each comprise two
Fig. 2 shows a circuit which was series-connected CX1154 ceramic thyratrons

specially devised for testing thyratrons and these have operated satisfactorily since
and in the low power version originally the equipment was built. To find a suitable
built no particular problems arose. The diode for D3 , on the other l, d, proved much
circuit is nominally loss-free, insofar as more difficult. Although the actual inverse
energy is stored in a network N alternately voltage across D3 is only 20 kV, it is
first at one polarity and then at the other, applied immediately after the diode has been
the thyratron under test V discharging N conducting a current of 6,000 amperes.
through D3 to generate a current pulse Various combinations of ceramic thyratrons
whilst subsequently N reverses its polarity proved unsatisfactory because of arc-back
via L, Di, and D2 in series in readiness for but finally a parallel assembly of eight
the next pulse. Power supply unit A merely CX1159 glass thyratrons was chosen. Evidence

f replaces any energy losses in the components of unequal current sharing was at first
whilst unit B provides the voltage datum apparent but this problem was solved by the
necessary to establish the required working inclusion of a few microhenrys in series
voltages for V. No load is present to dis- with each individual "diode". The equipment
sipate the pulse energy, with the result has subsequently run for many hours and at
that the saving in electrical power is con- currents up to about 9 amperes (average) and
siderable. it is apparent that the assembly of glass

thyratrons is quite capable of meeting the
The original modulator of this type was extremely severe voltage reversal require-

designed for initially ageing ceramic ments of this particular application.
thyratrons at voltages up to 30 kV and
pulse currents of 3,000 amperes. It This circuit is merely quoted as an
operated at the low p.r.f. of 5-7 pps in example of one which imposes very severe
order to apply the hold off voltage to the requirements on rectifying devices but once
thyratron for as long as possible and also a device has been found which can meet these
to minimise the average current and hence conditions it is obvious that it is likely
the heating of the tube electrodes during to be satisfactory for many other difficult
ageing. Diodes Dl and D2 behaved similarly rectifying and switching problems which can
to the charging diodes of conventional occur in practice.
modulators whereas diode D3 had to carry the
same current (3,000 amperes) as V and then The technique of using many of the EEV
almost instantaneously to withstand 15 kV thyratrons as diodes is a relatively simple
inverse. CX1159 glass-envelope thyratrons one. If a current of between 75 and 150 mA
were used as all three diodes and many from a voltage source of between 75 and 150 V
thousands of hours of trouble-free service is drawn between the cathode and the control
has been obtained in each of the three grid (or grids), this is sufficient to
positions. Louise the gas in the grid cathode region so

that application of positive voltage to the
Following the successful use of anode immediately results in a flow of

thyratron diodes in several modulators of electron current to that electrode and the
this general type, a very much larger consequent ionisation of the gas in the
version was built in order to test large grid-anode region will permit this current
thyratrons. A peak forward anode voltage to flow with a very low anode-to-cathode
of 40 kV was applied to the thyratrons under voltage drop. No such mechanism exists
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when Lhe anode is made negative relative to
the cathode and so a thyratron used in this
manner can behave both as a carrier of very
large currents and as a most effective
rectifier. Current can build up within tens
of nanoseconds of the application of for-
ward voltage and once this has ceased to
flow the ability of the thyratron to with-
stand inverse voltage will increase rapidly
with time as a result of the very rapid
decay of plasma in the anode region. The
electron and ion clean up current in the
grid-anode region at this time depends to a
great extent on the size of the tube and
thus several small tubes will have less
plasma and also a faster decay exponential
than one large tube.

Fig. 3 shows how the heater supply to
the thyratron can be used also to provide
excitation to the two grids of a tetrode
thyratron, thereby converting the thyratron
into an efficient rectifier. It is usual
when using tetrode thyratrons as rectifiers
to pass about 10 mA to the first grid and
100 mA to the second but in certain special
applications these currents must be inter-
changed. For example, when inverse voltage
is applied for a long period ion current
flows between the anode and the electrode
nearest to it and, clearly, the greater the
volume of ionised gas adjacent to that Figure 1

electrode the greater the ion current that
can flow and hence there is increased and
undesirable dissipation. Thus in most
applications for fast rectifier action it is
found preferable to pass more current to the D
second grid (i.e. the one nearest to the A Dz
anode) but where ion current flow is
excessive there is a case for mninimising
the ionisation adjacent to the second grid
at the expense of turn-on time.

Typically an ionising supply of about 8 D3

100 volts is sufficient and the resistance
values associated with the several grids
are chosen to give the required currer s. Figure 2

Apart from the need to supply heater
and grid excitation power, hydrogen thyratrms FARADAY ENCLOSURE
as diodes appear to have advantages over
all existing types of diode rectifiers I
where high voltage, currents and switching -
speeds are involved. They are reliable ; k
and almost imune to daage from accidental
overloading and they combine in a single I

item almost all the properties required
from a rectifier for higher power I
applications.

- -- -- -- -- SOL.ATmMIG Wl A TERl

Figure 3
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THE DEVELOPMENT OF DEUTERIUM TKfUATROS FOR

OPERATION AT HIGH DUTY-RATIOS AND HIGH AVERAGE CURRENTS

by

R 3 Wheldon

MO Valve Company, Heamersmith, London, England

and

N S Nicholls

Royal Radar Establishment, Malvern, England

Summary The problem of determining firing times for the valves
which will ensure recovery without exceeding the

A circuit is described in which thyratrons have been inverse voltage ratings is handled by low power circuits
operated at 501 duty-ratio with unusually high average which do not fall within the scope of this paper. In
current. Two valve types are described which have fact, a sufficient range of firing phase is found to
been developed to give long lives in this class of exist between these two limits to enable the AF output
service. Good inverse-voltage performance and voltage to be stabilised against all DC voltage varis-
instant-start capability at full power were also tions arising from the electricity supply and from
necessary. regulation of the transformer-rectifier combination.

Variation of the phase-angle of firing alters the back
Introduction E)F of the invertor for constant output voltage. Since

the available range is restricted, a fairly low
The low power-loss and high switching speed of impedance rectifier system is indicated.
deuterium thyratrons, compared with alternative devices,
suggested an examination of their suitability for use The Complete System
in audio frequency invertors required for induction
heating equipment. Output powers up to a megawatt Taking advantage of the possibility of controlling the
were involved. power flow by frequency and of stabilising the output

voltage by varying the invertor phase angle, a simple
The favourable experience which has been gained during silicon diode rectifier arrangement was used, and with
this work may well be relevant to other fields of on-off switching by means of a vacuum contactor in the
application of this type of tube. AC supply lines (see Fig 3).

The Invertor Circuit This has two consequences for the thyratrons. First,
it requires that they be capable of direct-on starts at

One attraction of the deuterium thyratron for the above full power and maximum frequency, since this is
application was the potential availability of suffi- required in the normal start-up of the equipment from
ciently high power devices to enable the simplest cold. This led to some work on the thyratron which is
suitable circuit to be employed. This uses two valves described below.
(see Fig 1) in a parallel invertor, coupled to the
load by a step-down transformer. The load consists of Another problem was concerned with the rather high
the heating coil connected in parallel with the short-circuit current of the lov-impedance DC supply.
capacitors required to correct its low power-factor. In the event of commutation failure, which may arise
Together they comprise a resonant circuit whose from incorrect use or equipment fault, this fault
resonant frequency is variable over the range from current flows through one or other of the thyratrons.
2 to 5 X z by capacitor switching. Each valve is When the existing thyratrons showed signs of damge
extinguished by firing the other valve, the anodes of under such conditions, a crowbar, in the form of a
the two valves being coupled together by the load- small ignitron, was introduced, connected across the
circuit capacitance via the wide-band output trans- DC supply. The fault current capability of the tubes
former. Typical waveforms are shown in Fig 2. The is subjected to quality control, but little work was
current waveform in each valve is substantially a done to improve the thyratrons in this respect.
square-wave on account of the choke in series with the
DC supply, which has a high impedance at and above the Valve Design
operating frequency.

The limitation in peak or mean power handling capabi-
At each coiztation, the anode of the off-going valve lity of the hydrogen or deuteriumly

2
thyratron is

is driven negative for a period which must be at least largely set by its electrode temperatures, particularly
sufficient to permit recovery of the valve. This time of the grid where gas density reduction or grid
must be kept short in order to keep the peak inverse mission must be avoided. This limit has been very
voltage low and to obtain a high power factor at the significantly raised in very high power thyratrous by
audio frequency. The latter is necessary to give the use of metal or ceramic envelopes. In both types
maxinum power from the valves and good utilisation of of tube better electrode cooling is achieved by
the transformer. bringing thermal conducting seobers from the active

parts of the grids or anodes to or through the
The peak inverse voltage following commutation is envelope, for external cooling.
increased by up to 4O by ringing in the stray
reactances of the transformer, in spite of the damping In low duty ratio pulse applications of hydrogen
circuits which are fitted (not shon in the diagrem). thyratrons where peak currents may be many thousands

of res, comparable electrode heating can occur
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during the leading and trailing edges of each pulse as for this quickly enough there will be a transient fall
during the body of the pulse. In high duty ratio in gas pressure in the tube. Current interruption can
applications where pulses are much longer and the peak then take place at the grid aperture. The problem is
currents much lower, virtually all the dissipation made worse if the reservoir activity deteriorates
occurs during the body of the pulse. Therefore the during the life of the tube due to the slow evolution
mean power handling capacity of a thyratron under high of poisoning gases from the electrodes. The use of a
duty ratio conditions is significantly higher than high and low temperature titanium deuteride reservoir,
under low duty ratio conditions. each with a good gas flow capability, has reduced the

pressure 'dip' to a negligible value and eliminated
Electrode Cooling 'poisoning' of the reservoir. Fig 5 compares pressure

dips on the new and earlier reservoir systems during a
In the metal envelope tube, the cooling of the elec- full current direct on start.
trodes is separated from their insulation requirements.
The active parts of the electrodes are joined directly Inverse Voltage Performance
to the metal envelope which provides a large surface
for heat loss. Relatively short insulators are used, In inverter service the tubes are subjected to a peak
the anode insulator being behind the anode where it is inverse voltage of up to 25kV within a few microseconds
unlikely to become coated by materials sputtered from of the cessation of anode current. The metal envelope
the electrodes by the discharge. In early metal tubes have been shown to withstand this condition with
envelope tubes water cooling of the electrodes was used, a very low arcback rate for many thousands of hours.
this however proved to be expensive to produce and
cumbersome in use. Tube Ratings

Figure 4 shows the construction of a GHT12 metal enve- Two metal envelope tube types are made for oil immersed
lope deuterium thyratron. It comprises a cathode C inverter service, these are designated GHTll and GHT12.
surrounded by a shield S at cathode potential; a baffle Their principal ratings are as follows:-
structure B which forms part of the envelope and shields
the grid G from emissive material evaporated from the GwIIl GHTI2
cathode and an anode A surrounded by a box at grid
potential. The gas filling is deuterium, replenished Peak anode voltage 35kV 35kV

by a titanium deuteride reservoir R controlled by a Peak anode current 40A 120A

berretter. The grid and baffle are of copper and the Surge current (20m.s) 200A 600A

short thermal paths to the envelope are of substantial Average anode current 20A 60A

cross section. With an average current of 60 ampems Power output (2 tubes) 320kW lO00kW
flowing through this tube at a high duty ratio a total Operating frequency (ma) 6kz 6kHz
grid dissipation of 1100 watts has been measured; for

which the estimated maximum grid temperature is 1500C Lives under these conditions are good, so far exceeding

above that of the envelope. With the envelope finned, 6000h for the GHTll and 3000h for the GHT12; based on
it may be cooled by forced air or by insulating liquid. some ten equipments in industrial service. These tubes
The latter has been found very effective in compact were developed from pulse modulator tubes GHT8 and GHT9
high voltage installations, where an envelope which are designed for air cooling and have the

temperature Cl1OO
0
C he been maintained. There is also following ratings:-

a significant dissipation at the baffle, but again the
cooling is good. In the GHT12 the anode ceramic has GT9
been shortened for use under insulating liquid and this Peak anode voltage 35kV 35kV
has improved the heat conducting path from the anode. Peak anode current 2000A 7500A

Average anode current SA 15A(at 75OOA)
The Cathode 9 30A(at 300A)

Heating factor (xlO ) 40V.A.Hz 15OV.A.Hz
The cathode used in chis range of metal envelope Peak power 35MW 130MW
thyratrons is of the barium aluminate impregnated
tungsten type and has proved to give a good life at Good lives are also being achieved at these high peak
high average currents. The tungsten matrix of the and mean currents.
cathode provides good thermal and electrical conduc-
tivity through the body of the cathode thereby reducing Conclusions
the likelihood of hot spot formation and damage to the
coating due to back bombardment. The rate of lose of These tubes have been demonstrated to give reliable
emissive material from the cathode is therefore more service in inverters at the elevated ratings described.
controlled than with the conventional oxide coated Tube costs in inverter requirements are currently about
cathode. The cathode is compact and capable of 7 dollarslkW and 1.5 cents/k1Ih. The latter figure is
providing the lower peak and high mean currents required expected to reduce with running experience. Costs in
for high power, high duty ratio operation. It is high duty ratio long pulse modulators would be about
surrounded by an internally finned cylinder which by half the above. The tubes have shown themselves
collecting positive ion currents makes a large tolerant to faults in other parts of the equipment.
contribution to the total cithode current when high
peak currents are required. ',This is celled upon under References
fault current conditions even though a crowbar is used.
Without a crowbar the fault current would be 4 or 5 I. Cook K C, Isaacs G G Deuterium Filled Thyratrons
times greater than that encountered in normal modulator Brit J App Phys 9 491 (1958)
service at maximum ratings.

2. Cook K G, Wheldon R J A Compact Metal-Ceramic
The Gas Reservoir Deuterium Thyratron

Direct switching of a hydrogen thyratron at high Modulator Symposium 1962

average currents causes temporary gas clean up to take 3. baker 0, Wbheldon R J British Patent No 962681
place. If the gas reservoir system does not compensate 4. Baker 3 0, lnt Ini Electronics 25 (1968) 48-56
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